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In this thesis, we apply numerical simulations by means of the hybrid code A.I.K.E.F.
(Adaptive Ion-Kinetic Electron-Fluid) to study the interaction of Saturn’s magnetospheric
plasma as well as the solar wind with Titan’s ionosphere. The composition of Titan’s
ionosphere is represented by a 7-species model. The ionosphere is generated by a realis-
tic wavelength dependent photoionization model of the main neutral species N2, CH4 and
H2. We also included elastic ion-neutral collisions of the impinging plasma with Titan’s
neutral atmosphere to our model as well as a network of the most important chemical
reactions of the ionosphere that converts between the ion species.
In the first part of the thesis we investigate the physical processes that lead to the detection
of ’split signatures’ in the ion densities during several crossings of the Cassini spacecraft
through Titan’s mid-range plasma tail (T9, T63, and T75). During each of these flybys,
the Cassini Plasma Spectrometer observed Titan’s ionospheric ion population twice; i.e.,
the spacecraft passed through two spatially separated regions where cold ions were de-
tected. Our simulation results show that the filamentation of Titan’s tail is a common
feature of the moon’s plasma interaction. The transport of ionospheric ions of all species
from the ramside to the moon’s wakeside generates a cone-like structure on the down-
stream side, that contains a region of reduced density. In addition, light (mass 1-2 amu)
ionospheric species are driven radially outwards by pressure gradients in the ionosphere
and escape along draped magnetic field lines, forming a parabolically shaped filament
structure which is mainly seen in planes that contain the upstream magnetospheric mag-
netic field and the upstream flow direction. Our results imply that the detections of split
signatures during T9, T63 and T75 are consistent by Cassini penetrating through parts of
these filament structures.
In the second part of the thesis we study Titan’s plasma interaction with the solar wind
during the Cassini T96 flyby. The T96 encounter marks the only observed event of the
entire Cassini mission where Titan was located in the supersonic solar wind in front of Sat-
urn’s bow shock. We show that the large-scale features of Titan’s induced magnetosphere
during T96 can be described in terms of a steady-state interaction with a high-pressure
solar wind flow. About 40 minutes before the encounter, Cassini observed a rotation of
the incident solar wind magnetic field by almost 90 degrees. We provide strong evidence
that this rotation left a bundle of fossilized magnetic field lines in Titan’s ionosphere that




In dieser Arbeit benutzen wir numerische Simulationen auf Basis des Hybrid Codes
A.I.K.E.F. (Adaptive Ion-Kinetic Electron-Fluid), um die Plasma Wechselwirkung von
Titans Ionosphäre mit Saturns magnetosphärischem Plasma als auch dem Sonnenwind
zu untersuchen. Die Zusammensetzung von Titans Ionosphäre wird durch ein Modell
mit 7 Spezies repräsentiert. Die Ionosphäre wird durch ein realistisches, wellenlängenab-
hängiges Photoionisationsmodell der neutralen Hauptspezies N2, CH4 und H2 generiert.
Desweiteren haben wir elastische Ionen-Neutral Kollisionen des anströmenden Plasmas
mit Titans Neutralatmosphäre zu unserem Modell hinzugefügt sowie ein Netzwerk der
wichtigsten chemischen Reaktionen der Ionosphäre welches für die Umwandlung der
Spezies untereinander sorgt.
Im ersten Teil dieser Arbeit untersuchen wir die physikalischen Prozesse die zur Beobach-
tung sogenannter ’split signatures’ in den Ionendichten von mehreren Vorbeiflügen (T9,
T63, T75) der Cassini Sonde durch Titans mittel-entfernten Magnetosphärenschweif füh-
rten. Während jedem dieser Vorbeiflüge registrierte das Cassini Plasma Spektrometer
Titans Ionenpopulation zwei mal: i.,e., das Raumfahrzeug passierte zwei räumlich ge-
trennte Regionen in denen kalte Ionen beobachted wurden. Unsere Simulationsergeb-
nisse zeigen, dass die Filamentierung von Titans Magnetosphärenschweif eine allgemeine
Eigenschaft von Titans Plasmawechselwirkung ist. Der Transport von ionospärischen Io-
nen aller Spezies von der Anströmseite zur stromabgewandten Seite erschafft eine zylin-
derartige Struktur stromabwärts, die eine Region reduzierter Dichte umschliesst. Ausser-
dem werden leichte Ionen in der Ionospäre (Masse 1-2 amu) durch Druckgradienten radial
auswärts gerichtet beschleunigt und bewegen sich dann entlang drapierter Magnetfeldlin-
ien. Dies führt zur Ausbildung von parabolisch geformten Filamenten, welche hauptsäch-
lich in Ebenen gesehen werden können die den Magnetfeldvektor und die Richtung des
Anströmplasmas enthalten.
Im zweiten Teil der Arbeit untersuchen wir Titans Plasmawechselwirkung mit dem Son-
nenwind während des T96 Vorbeifluges von Cassini. Die T96 Begegnung stellt den einzi-
gen Zeitpunkt der gesamten Cassini Mission dar, in dem Titan im überschall schnellen
Sonnenwind vor Saturns Bugstosswelle eingebettet war. Wir zeigen, dass die gross-
skaligen Eigenschaften von Titans induzierter Magnetospähre während T96 konsistent
sind mit dem Bild einer quasi-stationären Wechselwirkung Titans mit einem Sonnenwind
der einen hohen dynamischen Druck hat. Ungefähr 40 Minuten vor seinem Vorbeiflug
detektierte Cassini dabei eine Rotation des anströmenden Sonnenwindmagnetfeldes um
fast 90 Grad. Wir liefern starke Hinweise, dass diese Rotation ein Bündel von fossil-
isierten Magnetfeldlinien in Titans Ionosphähre hinterlassen hat, welche in der Folge von
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Saturn’s moon Titan has been in the spotlight of scientific interest ever since its discov-
ery by Christiaan Huygens in 1655. One of the reasons for that lies in its thick neutral
atmosphere, the presence of which has been know from earthbound spectral observations
since the early 1940s. The flybys of Pioneer 1 and Voyager 1 in the late 1970s and early
1980s further sparked the interest in the moon, as they confirmed that Titan’s atmosphere
is mainly composed of nitrogen. Titan is the only other body in the Solar system except
Earth, that has a nitrogen-based atmosphere. It is also the second-largest moon (after
Ganymede) in the entire Solar system with a radius of RT =2575 km, which puts it even
before Mercury regarding the size. The exploration of Titan has been declared one of the
major scientific aims of the NASA/ESA Cassini mission that was launched in 1997. Since
its arrival in the Saturnian system on 01 July 2004, the Cassini spacecraft has performed
Figure 1.1: Natural color view on Titan from a distance of 191000 km. The picture was
taken by Cassini’s Imaging Science Subsystem (ISS) on 30 January, 2012. A thick haze




117 visits to Titan at the time of writing1. One of the prime moments of the Cassini mis-
sion was the landing of the Huygens landing probe, that provided in-situ measurements of
Titan’s atmosphere during its decent on 14 January 2005. Titan therefore states the most
distant celestial body where a human-made object has landed. A summary of Titan’s main
physical and orbital parameters is provided in table 1.1.
The data gathered by Cassini has revealed that Titan’s atmosphere is the host of a very
complex chemistry network which is fueled by nitrogen and methane. The organic com-
pounds that are created by this chemistry network are found in a very broad mass range
from 1 to ∼10000 amu all over Titan’s atmosphere. At low altitudes, the heaviest species
are found as aerosols that form a thick haze layer which gives Titan it’s characteristic
yellow-orange appearance (see figure 1.1). Titan’s surface is covered with a crust of
frozen water ice and lakes of liquid methane that condensates as a result of the atmo-
spheric climate processes. Solar radiation and energetic particles create ionize the neutral
atmosphere at high altitudes, which leads to the formation of an extended ionosphere
around the moon. Titan is therefore very similar in its atmospheric structure to Earth.
Parameter Value
Radius (RT ) 2575 km
Mass 1.345 · 1023 kg
Mean density 1.88 g/cm3
Surface temperature 94 K (-179◦C)
Surface pressure 1.44 bar
Surface gravity 1.35 m/s2
Escape velocity 2.65 km/s
Semi-major axis 122.18 million km (=20.3 RS )
Orbital period 15.945 days
Spin period 15.945 days (synchronous)
Orbital velocity 5.57 km/s
Table 1.1: Main physical and orbital parameters of Saturn’s largest moon, Titan.
While Titan’s atmospheric and surface processes are already scientifically very interest-
ing, the plasma interaction between Titan and Saturn’s magnetospheric plasma has also
been a major topic of the Cassini mission. Since the moon’s orbital velocity is much
smaller than the ambient plasma flow, Titan gets constantly overtaken by Saturn’s magne-
tospheric plasma. Similar to Mars and Venus, Titan does not possess a noticeable intrinsic
or induction-generated magnetic field (Wei et al. 2010) so that the moon’s atmosphere and
ionosphere acts as an obstacle to the impinging plasma flow. As a result, the magnetic
field lines drape around the moon’s ionosphere which leads to the formation of a char-
acteristic perturbation pattern of the magnetic field and plasma flow on the ram side and
downstream of the moon (called induced magnetosphere). However, Titan’s plasma in-
teraction is unique among that of other non-magnetized bodies in the solar system due
to its highly variable plasma environment. Over ten years of observations from Cassini
have established the picture of a highly dynamic structure of Saturn’s magnetosphere (see
figure 1.2) that is defined by the influences of the solar wind and its internal rotation. The
1The T118 flyby is scheduled for 04 April 2016
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mass loading of Saturn’s magnetosphere with particles originating from Enceladus water
plumes leads to the formation of a sub-corotating equatorial plasma sheet that distorts
Saturn’s dipolar magnetic field structure over the scale of the magnetosphere. In addition,
the plasma sheet has been observed to show an oscillatory vertical motion. As a result, the
local plasma and magnetic environment of the magnetosphere changes as a function of the
distance to the equatorial plasma sheet. Titan orbits around Saturn at a distance of about
20.3 Saturn radii, which puts it in the outer regions of Saturn’s magnetosphere. In this re-
gion the dynamical effects and the distorted structure of Saturn’s magnetosphere are most
pronounced. If the solar wind dynamic pressure is large enough it is even possible that
Titan is located in Saturn’s magnetosheath region or outside of Saturn’s magnetosphere in
the solar wind. Titan is therefore extremely susceptible to changes in its ambient plasma
environments at its location which in turn is reflected by Titan’s plasma interaction with
the ambient magnetosphere.
Figure 1.2: Schematic of the large scale structure of Saturn’s magnetosphere in the solar
wind. Figure from Krimigis et al. (2004).
At the nearing end of the Cassini mission in 2017, culminating into the controlled descent
of the spacecraft into Saturn’s upper atmosphere during its final phase, a tremendous
amount of research has been devoted and published towards many aspects of Titan’s sur-
face, atmosphere, ionosphere, chemistry and plasma interaction. The general structure of
Titan’s plasma interaction under the variable nature of its plasma environment is known to
the most part and many numerical models have been developed that verified this knowl-
edge by reproducing observational data with computer simulation.
In this study we therefore focus on some of the unique observations and flybys made by
Cassini that have not yet been explained at all or in a satisfactory manner. In particular
we focus on the T9, T63, T75 and T96 Titan flybys of Cassini, which were all exceptional
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in a certain way. The T9, T63 and T75 flybys were encounters where Cassini crossed
at a great distance through Titan’s downstream magnetotail region. A remarkable obser-
vation that was only made during these encounters was the detection of a ’split’ tail: a
spatially separated double observation of a cold ion population that originated from Ti-
tan’s ionosphere. Our goal in this thesis is to get a better understanding of the physical
processes that lead to the detection of these ’split signatures’ and whether or not this is
an omnipresent feature of Titan’s plasma interaction that might have been missed during
other flybys.
The T96 flyby is a truly unique encounter as it constitutes the only time of the entire
Cassini era where Titan was embedded in the supersonic solar wind in front of Saturn’s
bow shock during a time of extreme solar wind dynamic pressure. This encounter has
not yet been subject to any modeling attempt so far. We examine if the large-scale ob-
servations of Titan’s induced magnetosphere can be described in terms of a steady state
interaction with the high pressure solar wind. Since the dynamic pressure of the solar wind
is loaded with some uncertainty for this encounter, we use it as a free parameter to find
a setting that produces numerical results which are in agreement with magnetic field and
electron density measurements. In addition we investigate the effects of the variable mag-
netic environment on Titan’s magnetic signature during this encounter. We also analyze
the contribution of fossilized magnetic field lines from an upstream magnetic regime prior
to the encounter to the small scale magnetic pattern inside Titan’s ionosphere. Fossilized
magnetic field lines can be understood as the imprint of a varying upstream magnetic con-
figuration on Titan’s ionosphere, in some analogy to the growth-rings of trees.
To address these problems we perform numerical simulations of Titan’s plasma interac-
tion using a hybrid model. A hybrid model treats ions as kinetic particles and electrons
acts as a massless charge neutralizing fluid. The hybrid approach is able to resolve effects
that arise due to the gyrating motion of ions in a magnetized plasma flow. At Titan these
effects cannot be neglected since the local gyro radius is always at least comparable to the
moons radius, which leads to a noticeable asymmetrization of its induced magnetosphere.
Fluid models that treat ions as a fluid as well are therefore limited in their ability to cor-
rectly represent the relevant physics near Titan. The model of Titan’s ionosphere that is
used in this thesis has been significantly improved compared to previous studies (Simon
et al. 2006b). We have included a realistic model of the photoionization of Titan’s neutral
atmosphere and represent the relevant ion species of Titan’s ionosphere with a 7-species
model that also includes elastic collisions and the most important chemical reactions.
This thesis is structured as follows: in chapter 2 we give the theoretical background that
is needed to understand the complex nature of Titan’s interaction with the highly variable
plasma environment of Saturn’s magnetosphere. We continue with a brief description of
the hybrid code A.I.K.E.F. (Adaptive-Ion-Kinetic-Electron-Fluid) and the representation
of Titan’s ionosphere and chemistry network in chapter 3. Our results are presented in
chapter 4 and 5:
• In chapter 4 we use our model to study the fine structure of the density distribution
in Titan’s downstream magnetotail region. We study the ion transport mechanisms
that lead to the formation of this fine structure as well as the spatial restrictions that
are placed on them by the relative orientation of the upstream flow direction and
background magnetic field. We use our findings to compare hybrid model results
of the T9 and T63 flyby against density measurements obtained by Cassini and give
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reasons for the unexpected spatially separated detection of cold ionospheric ions
during those encounters.
• Chapter 5 focuses on Titan’s interaction with the supersonic solar wind during
Cassini’s unique T96 flyby. We investigate the impact of the variable solar wind
environment on Titan’s induced magnetosphere structure as well as the contribution
of fossilized magnetic fields to the magnetic observations around closest approach
of the spacecraft.
Finally, we summarize the major findings of this thesis and give a brief outlook on future
projects in chapter 6.
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2 Titan’s Plasma Environment
In this chapter we give the theoretical background and current knowledge of Titan’s
plasma environment and its interaction with Saturn’s magnetospheric plasma. The general
structure and dynamic behavior of Saturn’s outer magnetosphere near Titan is described
in section 2.1. In section 2.2 we describe the unique features of Titan’s atmosphere and its
rich nitrogen fueled chemistry. Finally we explain the general aspects of Titan’s plasma
interaction in section 2.3 and give further insight into the phenomenon of fossilized mag-
netic fields in Titan’s ionosphere in section 2.4.
2.1 Saturn’s Magnetospheric Structure
Saturn’s magnetosphere is generated by its intrinsic dipolar magnetic field. A peculiarity
of Saturn’s dipole moment compared to other planets is that is almost perfectly aligned
with the planets rotation axis with a tilt of less than 0.1◦ and an offset of 0.036 RS (Bur-
ton et al. 2010). The planet’s magnetic field has a surface strength of 21136 nT (Burton
et al. 2010). Saturn’s magnetosphere is filled with neutral particles that emanate from the
planet itself, its icy moons (e.g. Enceladus, Rhea, Dione) and the ring system via sput-
tering and atmospheric losses (Arridge et al. 2011c). The neutral particles then become
ionized through photoionization, electron impact and charge exchange processes. Over-
all, Saturn’s magnetosphere is dominated by neutral particles, which have been found to
outnumber ions by a factor of 10-100 (Arridge et al. 2011). The major source of particles
in the magnetosphere are the water plumes of Saturn’s moon Enceladus (Hansen et al.
2006). The dominant ion species in Saturn’s magnetospheric plasma thus consists of wa-
ter group ions (O+, OH+, H2O+, H3O+) and protons H+.
Enceladus is located in the inner magnetosphere at a distance of 3.95 Saturn radii (equa-
torial radius RS = 60.268 km). This has severe consequences on the general structure
of Saturn’s magnetosphere. The magnetospheric plasma corotates with the planet and
contains the frozen-in magnetic field. Ions that are inserted into the system near Ence-
ladus move at least with the speed of Enceladus orbital velocity, which is 12.6 km/s and
slower than the corotational velocity of ∼ 26 km/s. The ions are then accelerated by
the convective electric field until their guiding center reaches nearly corotational velocity
(also know as ’pick-up’ process). However, the distance at which the centrifugal forces
acting on the corotating plasma and Saturn’s gravitational force cancel each other lies at
a distance much lower than Enceladus orbit. Therefore, the plasma that is generated by
the plumes of Enceladus is driven radially outward from Saturn due the outwards point-
ing centrifugal force and the arising plasma pressure gradients. This outwards pointing
plasma flow leads to a large scale deformation of the magnetic field in the outer region of
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Figure 2.1: Side-on view of Saturn’s magnetodisk structure. The figure illustrates Sat-
urn’s (grey circle) magnetic field configuration (red lines) when the observer-Saturn line is
perpendicular to Saturn’s magnetic moment M. In the northern (labeled LN) and southern
(labeled LS ) magnetic lobes the field lines are highly stretched and possess strong radial
components. In the narrow current sheet region of the magnetodisk around the magnetic
equator (labeled Sh, green area), the magnetic field is still quasi-dipolar and nearly an-
tiparallel to Saturn’s rotation axis. Titan’s orbit in this idealized picture is indicated by the
dashed black line. Figure from Simon et al. (2010).
Saturn’s magnetosphere. The azimuthal current system that is associated with the coro-
tating plasma stretches Saturn’s magnetic field from a dipolar shape to a deformed shape
that is characterized by highly stretched magnetic field lines above and below the mag-
netic equator. This structure of the magnetosphere is referred to as the ’magnetodisk’ (Ar-
ridge et al. 2007) of Saturn’s magnetosphere. The extent of the magnetodisk is balanced
by the inwards pointing j × B forces exerted on the azimuthal currents of the corotating
plasma. The azimuthal currents become stronger with increasing distance to the planet,
due to the increasing azimuthal velocity of the corotating plasma. The general structure
of Saturn’s magnetosphere can be separated into three main parts: a dipolar field region
in the inner magnetosphere until 5 RS , a quasi-dipolar field region with a weak current
sheet in the middle magnetosphere from about 5 to 12-15 RS , and finally the disk-like
region with highly stretched field lines and a strong current sheet in the outer part of the
magnetosphere (Arridge et al. 2007).
A sketch of the magnetodisk structure is provided in figure 2.1. In the northern mag-
netic lobe, the magnetic field is mainly pointing radially away from Saturn, whereas in
the southern lobe the field is oriented mainly towards the planet. The degree of how much








where By and Bz are the magnetic field components in TIIS coordinates (see section 2.1.1).
A positive stretch angle is therefore an indication of a location in the northern magnetic
lobe, while a negative stretch angle indicates a position in the southern magnetic lobe.
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Figure 2.2: Illustration of the stretch angle. The figure shows Saturn’s stretched magnetic
field lines of the magnetodisk in a meridional plane (= yz-plane of the TIIS system). The
y axis points towards Saturn and the z axis is parallel to Saturn’s magnetic moment. The
By component of the magnetic field is negative above the magnetic equator and positive
below the magnetic equator. Therefore the stretch angle Str = arctan(−By/Bz) is positive
for locations in the northern magnetodisk lobe and negative for locations in the southern
magnetodisk lobe. At the magnetic equator where By = 0, the stretch angle vanishes.
Figure from Simon et al. (2010)
Figure 2.2 illustrates the stretch angle in case the current sheet coincides with the mag-
netic equator. The value of the stretch angle provides a measure of how much the field
lines are stretched at an observers position. A high stretch angle value is therefore an
indication of a great distance to the magnetodisk’s current sheet.
The magnetodisk is not only characterized by the highly stretched field lines in the lobes,
it also shows a deformation of the field lines in the corotational direction. The equato-
rial current sheet is strongly coupled to Saturn’s ionosphere via field aligned Birkeland
currents (magnetosphere-ionosphere coupling, Hill (1979)). These currents transfer an-
gular momentum from Saturn’s ionosphere into the current sheet in order to accelerate
the plasma to corotational speeds. However, this process is limited by the finite Petersen
conductance of Saturn’s ionosphere. Therefore the magnetosphere-ionosphere coupling
cannot provide the necessary angular momentum that is needed to enforce a rigid corota-
tion of the magnetospheric plasma throughout the whole of the magnetosphere. Instead,
strict corotation of the plasma is found only in the inner magnetosphere . With increasing
distance from Saturn, the plasma is found to subcorotate at about 50-80% of the ideal
corotation speed (Thomsen et al. 2010). In the outer magnetosphere (> 15 RS ) a sat-
uration is reached, where the azimuthal velocity of the plasma remains nearly constant
(Arridge et al. 2011c). At the orbital distance of Titan, the full corotational speed would
be ∼ 200 km/s, however the average plasma speed is found to be in the range of 120−160
km/s (e.g Wilson et al. (2010)). Frozen-in field lines in the equatorial current sheet are
9
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Figure 2.3: Illustration of the sweepback angle. The figure shows how Saturn’s magnetic
field lines are bent back with respect to a strictly corotating meridional plane as a result of
the corotational lag in Saturn’s magnetodisk current sheet. Plot (a) shows the xz-plane of
the TIIS system, plot (b) shows a xy-cut above (z > 0) and plot (c) a xy-cut below Titan’s
orbital plane. When the magnetic field lines are bent back with respect to a x = const
plane, the sweepback angle Sw = arctan(−Bx/By) is negative both above and below the
magnetic equator. Figure from Simon et al. (2010).
therefore bent back with respect to a strictly corotating meridional plane (see figure 2.3).






With this definition, the sweepback angle is negative for swept back magnetic field lines
for locations both north and south of the magnetic equator. Consequently, for a scenario
of swept forwards field lines that indicate a super corotational plasma flow, the sweep
angle would be positive. Observations of positive sweep angles have been occasionally
observed near the dusk flank of Saturn’s magnetosphere (Bertucci 2009).
Particles at high latitudes experience a gravitational pull towards the equatorial region,
where, balanced by the centrifugal force, they are then confined to the plasma sheet. The
thickness of the plasma sheet is on the order of 1-2 RS (Arridge et al. 2011a), with the
heavy ions having a smaller scale height than light ions (Thomsen et al. 2010) due to
the different masses. Therefore, light ions (protons, hydrogen) are found to dominate the
plasma composition in the regions of Saturn’s magnetic lobes whereas heavy ions (water
group) will dominate in the equatorial current sheet. The plasma beta β = 2µ0nkT/B2,
which is the ratio between thermal pressure and magnetic pressure, shows a similar behav-
ior with a high beta value in the plasma sheet, and a lower beta value in the magnetodisk
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lobes (Achilleos et al. 2014).
In combination with the magnetic structure of Saturn’s magnetosphere, two main plasma
regimes can be distinguished (Arridge et al. 2007): (a) a current sheet regime which is
characterized by a dense, high beta plasma composition and a quasi-dipolar magnetic field
configuration and (b), a lobe-type regime consisting of a more dilute low-beta plasma with
stretched and swept-back magnetic field lines.
2.1.1 Coordinate System
Figure 2.4: Illustration of the Titan Interaction System (TIIS) used in this thesis. Also
displayed are the orientations of the main upstream plasma parameters E0, B0 and U0 for
idealized upstream conditions.
To be able to perform numerical simulations of Titan’s plasma interaction, a suitable co-
ordinate system that covers the simulation domain is needed. The rotating rest frame of
the moon on its orbit around Saturn constitutes a natural choice of coordinates that are
best suited to exploit the geometry of the plasma interaction. In the case of Titan, this
magnetosphere-moon-interaction system is called the Titan Interaction System (TIIS). In
the TIIS system, the x axis points in the direction of nominal corotation, which is identi-
cal to the direction of Titan’s orbital motion around Saturn. The y axis of the coordinate
system is pointing towards the center of Saturn, and the z axis is anti-parallel to Saturn’s
rotational axis. The origin coincides with the center of Titan. The coordinate system is
sketched in figure 2.4, where we assume idealized upstream conditions, i.e, the magnetic
field B0 is aligned with the −z axis, the upstream flow direction is aligned with the x axis
and the convective electric field E0 = −U0 × B0 points in the −y direction. However, for
the majority of Cassini Titan flybys these parameters were found to not fit this picture of
ideal plasma conditions very well, as we will see in section 2.1.2.
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Another frame of reference that is frequently used to describe Saturn’s magnetosphere is
the cylindrical polar Kronocentric Solar Magnetic (KSMAG) coordinate system (ρ,φ,z).
In this system the radial unit vector eρ is pointing away from Saturn’s rotational axis, the
azimuthal unit vector eφ is pointing eastwards in the corotational direction and the vertical
unit vector ez is aligned with the planets rotational axis. Note that the only difference of
this system to TIIS coordinates is a minus sign in the radial (y in TIIS) coordinate.
Another important set of parameters are the Saturn Local Time (SLT) and Subsolar Lati-
tude (SSL) at the time of an encounter. These parameters define the exact location of the
subsolar point in the TIIS system and therefore control the position and orientation of the
ionosphere which is mostly generated through photoionization processes. They depend on
Titan’s orbital status and the Saturnian season. An illustration of the parameters is given
in figure 2.5. The SLT can assume values from 0 to 24 as Titan orbits around Saturn. If
Titan is at 6 or 18 SLT, the ramside of the impinging magnetospheric plasma coincides
with the nightside (6 SLT) or the dayside (18 SLT) of Titan ’s photogenerated ionosphere.
Due to the tilt of Saturn’s rotational axis with respect to the ecliptic, and therefore Titan’s
orbit as well, the SSL varies from −26.7◦ to 26.7◦ depending on the Saturnian season.
Figure 2.5: Illustration of (a) Titan’s Saturn Local Time (SLT) and (b) Subsolar Latitude
(SSL). The SLT denotes the orbital positions of Titan with respect to the sun. Due to the
tilt of Saturn’s rotational axis, the subsolar point changes with the seasons.
2.1.2 Dynamics of the Magnetodisk
Given that Titan’s orbit lies within Saturn’s equatorial region, one might expect to observe
current-sheet like plasma conditions at Titan at all times. However this was found to be
the case only on average. During many Cassini flybys, Titan was actually found to be em-
bedded in the plasma environment of the magnetodisk lobes. The reason for this is that
Saturn’s magnetodisk is not a stationary system, but rather shows dynamic behavior on
various timescales ranging from minutes to several years. These dynamics are induced by
either internal processes of the Saturnian magnetosphere or other external factors, mainly
the solar wind as well as the Saturnian seasons, and will be described in the following.
The first external process that influences the shape of Saturn’s magnetosphere is related to
the solar wind pressure and manifests in a day-night asymmetry of the magnetodisk struc-
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Figure 2.6: Sketch of the distortion of Saturns magnetosphere along the noon-midnight
meridian during a) southern and b) northern summer. As a result of the solar wind press-
ing against the magnetodisk’s current sheet from either below or above, the magnetodisk
adopts a bowl-like shape. Figure taken from Arridge et al. (2008a)
ture: The impinging solar wind naturally tries to compress the dayside magnetosphere,
counteracting the formation of the magnetodisk in the near-noon local time sectors. If
the solar wind dynamic pressure is sufficiently high, the stand-off distance of Saturn’s
magnetopause (where Saturn’s magnetic pressure is balanced by the solar wind dynamic
pressure) is close enough so that the magnetopause currents effectively suppress the for-
mation of the magnetodisk. Instead a quasi-dipolar field configuration in the near noon
time sectors is enforced, as opposed to the nightside and around dusk and dawn sectors,
where the magnetodisk structure is not prevented at all. Arridge et al. (2008b) showed
that the dayside formation of the magnetodisk can only prevail in times of low solar wind
dynamic pressure, where the stand-off distance of the magnetopause is at 23RS or larger.
Since the solar wind dynamic pressure variations do not follow predictable processes, the
timescale of the magnetodisk’s day-night asymmetry cannot be constrained with by fixed
value and may change on a day-to-day basis.
The solar wind has a second impact on the magnetodisk’s structure which is also related
13
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to the tilt of Saturn’s rotational (' magnetic) axis, and therefore to the Saturnian seasons.
Due to this tilt, the solar wind impinges at an angle of up to 26.7◦ (during the solstices)
onto Saturn’s magnetic equator plane from either ’above’ or ’below’. This leads to a de-
formation of the outer magnetodisk region into a basin- or bowl-like form (Arridge et al.
2008a), with the magnetic equatorial plane (where the radial magnetic field component Br
changes sign) being displaced against the rotational equatorial plane. On average, Titan is
therefore embedded in the region of the southern magnetodisk lobe during Saturn’s south-
ern summer and in the northern magnetodisk lobe during Saturn’s northern summer. An
illustration of the magnetobowl shape for the two seasons is shown in figure 2.6. Around
the equinoxes, this effect is much less pronounced, as the impacting angle of the solar
wind with respect to the magnetic equatorial plane is close to zero during this time.
Even though Saturn’s magnetic moment and rotational axis are almost perfectly aligned, a
number of oscillatory phenomena in the magnetic field and other plasma parameters act-
ing on timescales near the planets rotation period of ∼10.7 have been observed in Saturn’s
magnetosphere (e.g. Kurth et al. (2008), Khurana et al. (2009), Andrews et al. (2010)).
Near Titan, these periodicities are observed as a north-south oscillatory motion of the
magnetodisk’s current sheet over the moon’s orbital plane, which is also referred to as the
’flapping’ of the magnetodisk (Arridge et al. 2008, Arridge et al. 2011b). Effectively this
means that the plasma and magnetic conditions near Titan can show transitions between
the magnetospheric environments of the northern and southern magnetodisk lobe as well
as the magnetodisk current sheet on a timescale of ∼10 h. The reason for these oscillatory
behavior of Saturn’s magnetosphere is still one of the major open question that has not yet
been explained in a satisfactory way (e.g. Andrews et al. (2012), Southwood and Cowley
(2014)).
An exemplary observation of a full cycle of such a current sheet sweep across Titan’s
orbital position is given in figure 2.7, showing the magnetic field data obtained by the
Cassini spacecraft during the T54 encounter on May 5, 2009 along with a sketch of mag-
netodisk’s flapping motion at that time. During this encounter, the current sheet moved
at least two times over Cassini’s position, accompanied each time with a transition of the
magnetic environment from one lobe regime to the other. The intervals where Cassini
is embedded in the magnetodisk lobe regions are about 5 h long, roughly half of the
planetary rotation period. They are clearly identified by their characteristic magnetic sig-
natures: By > 0 in the southern magnetodisk lobe, By < 0 in the northern lobe. Also the
sweepback of the magnetic field is visible in the Bx component in those intervals: Bx > 0
in the southern lobe, Bx < 0 in the northern lobe, see also figure 2.3. One of the current
sheet sweeps is nearly coincident with Cassini’s closest approach to Titan. This illustrates
that these types of internally induced dynamics of the magnetodisk are quite significant
for the understanding of Titan’s plasma interaction, since they can disturb the upstream
plasma and magnetic conditions on the timescale of a Cassini flyby.
The magnetic field observations depicted in figure 2.7 also show the last dynamic pro-
cess of the magnetodisk current sheet, which is also associated with the flapping motion
mentioned above. As can be seen in the time interval from 02:00-04:00 in figure 2.7, the
north-south motion of the current sheet does not necessarily need to be a smooth transi-
tion from one lobe regime to the other. Instead, the magnetic field can be accompanied
by short-scale ’jitter’ with periods up to 30 min. The occurrence of such short-scale fluc-
tuations of the magnetic field in the magnetodisk’s current sheet near Titan is in fact an
14
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Figure 2.7: Sketch of the current sheet (green shaded area) sweeping over Titan and
Cassini (C) during T54 (top figure, a-d) combined with the magnetic field observations
made by Cassini (bottom figure). The areas distinguished by the red lines and marked
with characters a, b, c, d in the magnetic data plot correspond to the four snapshots of
the magnetodisk’s state in the top figure. (a) Cassini and Titan are located in the southern
magnetodisk lobe region after a northward sweep of the current sheet (b) The recurring
current sheet sweeps back over Titan shortly after closest approach (c) The current sheet
has swept south past Titan and Cassini, putting both in the northern magnetodisk lobe
regime (d) The current sheet sweeps back again and is now located above Cassini, putting
the spacecraft again in the southern lobe. Figures from Simon et al. (2010).
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omnipresent feature and has been observed multiple times by Cassini (e.g. figure 2 in
Arridge et al. (2007), figure 7 in Simon et al. (2010)). The magnitude of the ’jittering’ in
the current sheet can be comparable to the background magnetic field strength and even
last for several hours, as evidenced during the T20 encounter (see figure 6 in Simon et al.
(2010)).
The picture of the magnetospheric conditions that arises near Titan (and generally in the
outer magnetosphere at distances > 15 RS ) is that of a highly disturbed magnetospheric
environment. The various dynamic processes of the magnetodisk current sheet can change
the conditions near Titan on timescales of minutes and may influence Titan’s plasma in-
teraction significantly during a single Cassini flyby. For this reason, several classification
schemes have been developed in the past in order to characterize the plasma environ-
ment near Titan’s interaction region on an encounter-to-encounter basis, utilizing different
Cassini instruments and the large data set of Titan flybys.
Using electron spectra obtained from the Cassini Plasma Science (CAPS) and Magne-
tospheric Imaging Instrument (MIMI) instruments, Rymer et al. (2009) developed such
a classification scheme for the encounters TA-T54. This scheme was later expanded up
to the T84 flyby by Smith and Rymer (2014), which was the last Titan encounter where
the CAPS instrument was still operational on board of Cassini. Observational data in a
±3 h window around closest approach is considered. The scheme by Rymer et al. (2009)
distinguishes between four types of encounters based on the peak energy and flux density
of the observed electron distribution: ’plasma sheet’ (high energy, high flux), ’lobe-like’
(high energy, low flux), ’magnetosheath’ (low energy, very high flux) and ’bimodal’ (su-
perposition of cold and high energy electron populations). The specific criteria for each
type are listed in table 2.1. Encounters that could not unambiguously be identified were
marked as unclassifiable and those with more than one type identified, as mixed. A mixed
classification typically indicates transition between plasma regimes over the course of an
encounter. The combined surveys of Rymer et al. (2009) and Smith and Rymer (2014)
Classification Peak energy (eV) Peak flux (1010m−2s−1sr−1)





Table 2.1: Criteria for the Titan encounter classification scheme based on electron data
from Rymer et al. (2009).
showed that from the set of TA-T84, 45% of the encounters took place when Titan was
embedded in the current sheet and 38% in lobe-like conditions. Only two encounters
were identified where Titan was close to or in the magnetosheath, T32 and T42. The
study by Smith and Rymer (2014) also investigated the plasma environment for virtual
encounters when Cassini crossed Titan’s orbital path with the moon absent. A compari-
son of the Titan encounters and Titan orbit passings according to their local time showed
that the distribution of the different plasma environments was similar in both cases, with
only small differences. They found that without the moon the probability of the plasma
environment being embedded in the current sheet at Titan’s orbital distance is slightly
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Classification Mnemonic Criteria
Magnetodisk lobe LN and LS |By|/B > 0.6, δBy/B ≤ 0.05
Lobe with current sheet features LS h, LNS h, L
S
S h |By|/B > 0.6, 0.05 < δBy/B ≤ 0.05
Current Sheet Sh |By|/B < 0.6, δBy/B ≤ 0.2
Table 2.2: Criteria for the Titan encounter classification scheme based on magnetic field
data from Simon et al. (2010). By, B are mean values over 1 hour intervals, with δBy being
the standard deviation. The indices N and S denote northern and southern lobe regimes.
increased with 55%. They also found that in the pre-noon to noon local time sectors, the
probability of encountering magnetosheath plasma conditions is slightly increased when
Titan is absent, supporting theories that Titan may influence or maintain its own plasma
environment to a certain degree (Wei et al. 2009, Snowden et al. 2011a).
The classification scheme by Rymer et al. (2009) was later supported by a study based
on ion spectra by Németh et al. (2011). The classifications based on ion-spectra for the
first 54 Titan encounters were found to be in very good agreement with those obtained
through electron observations. However, Németh et al. (2011) stated that in reality most
of the encounters were more of a mixed type classification from the ion point of view.
They noted that shorter time intervals would allow a clear classification in most cases.
Garnier et al. (2010) also classified all crossings of Titan’s orbit by Cassini before 2008
using the flux spectra of high energy (27-255keV) protons.
Simon et al. (2010) developed a classification scheme of the Titan’s plasma environment
based on Cassini magnetic field observations for the flybys TA-T62. This study was later
continued up to T85 by Simon et al. (2013). A much longer time-interval of data of ±8 h
was considered here, in order to account for possible much longer lifetimes of fossilized
magnetic fields in Titan’s tail (see also section 2.4). Three different magnetic regimes
were considered by Simon et al. (2010): the magnetodisk lobes (L), where the magnetic
field is highly stretched and quiet, the current sheet (S h) which is identified by a weak
radial component and increased fluctuations, and a transitional regime (LS h) with char-
acteristics of lobe fields distorted by current sheet fluctuations. The exact classification
criteria from Simon et al. (2010) are displayed in table 2.2.
Simon et al. (2010) found that during most flybys Titan was embedded either in the highly
perturbed magnetic environment of the current sheet or in a transitional magnetic environ-
ment between lobe-like and current sheet fields. They also found that for a series of flybys
that took place during southern summer (T16-T24), the magnetic field above Titan’s or-
bital plane was characterized by a mixture of lobe-like and current sheet fields and below
Titan’s orbital plane they mainly belonged to the lobe category. This finding is therefore
consistent with the warping of the magnetodisk into the bowl-shape form during southern
summer (Arridge et al. 2008a). However, a series of flybys that occurred around equinox
in 2009 also revealed that the picture of a quasi-stationary magnetodisk cannot be sus-
tained. During those flybys, Titan’s magnetic environment was characterized by frequent
current sheet crossings, contradicting the expected picture of rather quiet conditions and
an unwarped magnetodisk near equinox.
A detailed review and comparative analysis of these classification schemes was done in a
study by Arridge et al. (2011a). Table 11 in that work lists all flybys from TA-T85 and the
classification of each encounter according to the schemes of Rymer et al. (2009), Simon
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et al. (2010), Németh et al. (2011) and Garnier et al. (2010). Arridge et al. (2011a) point
out the importance of the different time-intervals that were considered in each classifica-
tion scheme which leads to varying classifications for some of the Cassini flybys.
It should also be noted that despite the fact of the high variability in the plasma parameters
and the magnetic field, these variabilities do not necessarily need to be in phase with each
other or be observable over the same spatial volume. This means that applying strict cri-
teria from only one classification scheme may not be sufficient for a complete description
of Titan’s upstream plasma environment for a given Cassini flyby. Therefore, a combined
classification of the plasma environment near Titan using multiple instruments is needed
in order to obtain a complete picture.
One example is the T11 encounter which took place in the plasma sheet from the elec-
tron point of view but the magnetic field classification put it in the lobe region, since they
met the criteria for these regimes in the respective classification schemes (see table 11 in
Arridge et al. (2011a)). Figure 2.8 shows the combined electron and magnetic data from
that flyby. Looking only at the electron data in the ±3 h interval around closest approach
reveals indeed an electron population around 100 eV that is consistent with the current
sheet criteria, albeit at very low densities. Outside this interval, the electron densities are
even lower. Over the whole ±8 h interval the magnetic field data clearly suggest an mag-
netic environment that belongs to the southern magnetodisk lobe (Br < 0, Bφ > 0). Inside
the ±3 h interval, the magnetic field tends more towards the current sheet (indicated by
Br and Bφ approaching zero), however it is still classified as lobe-like according to the
classification criteria (table 2.2).
Combining these findings, Arridge et al. (2011a) conclude that the plasma environment
during T11 belongs to the outer layers of the plasma sheet, where the magnetic field lines
are already stretched and swept back, but still inside a region with a current sheet like
electron population. In particular, near closest approach the spacecraft came closer to the
current sheet region which is clearly seen in the radial magnetic field component. Thus,
this example shows that Saturn’s magnetodisk near Titan is not a region with clearly
defined and separated plasma regimes. The different plasma regimes exist and can be
identified from the magnetic or electron/ion point of view but they do not need to strictly
correlate or overlap with each other at all times.
The highly variable magnetospheric environment makes it very difficult to provide well
defined parameters for the upstream plasma at Titan. However in order to perform nu-
merical studies of Titan’s plasma interaction, it is often necessary to have some kind of
stationary and homogenous upstream conditions in the magnetic field and plasma compo-
sition. A time dependent upstream plasma has the problem that the Cassini observations
only provide a very limited and spatially confined view along the spacecraft’s trajectory
on Titan’s plasma environment, potentially missing important aspects. Also additional
problems may arise with regards to numerical stability when time dependent upstream
data is used. This is in contrast to the situation at, e.g., Enceladus which is located very
close to Saturn in the inner magnetosphere. At Enceladus, the magnetospheric dynamics
have a much smaller impact and the moon is usually embedded in a more homogeneous
and quiet plasma environment with well known parameters. At Titan, the definition of an
average upstream plasma with a certain composition, mass density, magnetic field vector,
and temperature is not very meaningful because of the high variability in these parame-
ters.
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Figure 2.8: Electron and magnetic field data from the T11 flyby. The top three panels
show the raw electron spectra, electron density ne and electron temperature Te. The bot-
tom four panels show the three components Br, Bθ, Bφ and magnitude B of the magnetic
field. The red lines illustrate the ±3 h interval that was considered by the electron classi-
fication scheme (Rymer et al. 2009). The whole plot covers the range of ±8 h considered
by Simon et al. (2010). The magnetic observations are overall consistent with the mag-
netospheric environment of the southern magnetodisk lobe, whereas the electron spectra
indicate that Titan is embedded in current sheet plasma with a low density. Due to the dif-
ferent time intervals and strict classification criteria based on single instruments applied
in those classification schemes, only partial aspects of Titan’s ambient magnetospheric
environment may be identified. Figure from Arridge et al. (2011a)
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Quantity Symbol Value Comments
Magnetic field orientation B0/B0 (0,0,-1)
North-south oriented, strong By, Bx
components in magnetodisk lobes
Magnetic field strength |B|0 [nT] 5 Usually stronger fieldstrength in magnetodisk lobes
Upstream O+ number density





Density lower in magnetodisk lobes
and dominated by protons
Electron Temperature Te [eV] 200
Electron plasma beta βe 0.97
Electron plasma frequency ωpe [s−1] 30.9 · 103
Ion Temperatures Ti,O+ [eV] 2900 Lower temperature
in magnetodisk lobesTi,H+ [eV] 210
Ion plasma beta βi 9.66
Plasma bulk velocity |U|0 [km/s] 120
Mostly corotational direction
with radial deviations
Alfvén velocity vA [km/s] 60
Sound velocity cs [km/s] 196
Magnetosonic velocity cMS [km/s] 205
Alfvénic Mach number MA 2 Superalfvénic
Sonic Mach number MS 0.61 Subsonic
Magnetosonic Mach number MMS 0.59 Submagnetosonic
O+ gyration frequency ΩO+ [s−1] 0.03
O+ gyration radius Rg,O+ [RT ] 1.56 Comparable to Titan’s radius
Table 2.3: List of typical upstream plasma parameters near Titan inside Saturn’s mag-
netosphere. The values listed here were derived from the observations made during the
Voyager 1 flyby (Neubauer et al. 1984) and are representative for the ambient plasma
conditions of a dense and hot current sheet plasma with a strictly north-south oriented
magnetic field. Note that the plasma conditions usually show deviations from these val-
ues during spacecraft flybys due to the reasons discussed in this section.
Despite, it has become common to use the plasma parameters that have been obtained dur-
ing the Voyager 1 flyby (Neubauer et al. 1984) as a first basis for simulations of Titan’s
plasma interaction. The conditions that were found during this flyby are characteristic of
a very dense and high temperature current sheet plasma with a strictly north-south ori-
ented magnetic field (see table 2.3). While the current-sheet like plasma (albeit less hot
and dense) has been confirmed to be the average state of Titan’s plasma environment, the
magnetic conditions of the Voyager 1 flyby have only been observed one other time in the
Cassini era during the T70 encounter (Simon et al. 2013).
Recently, Achilleos et al. (2014) combined a global model of Saturn’s magnetodisk with
a geometrical model of an oscillating current sheet in order to model the time dependent
plasma conditions near Titan. Using their model they were able to reproduce several of
the large scale periodic signatures that were observed in the magnetic field data during
Cassini’s T15 flyby. They also found that the magnetic pressure makes up the predom-
inant part of the upstream flow pressure when Titan is located within the magnetodisk
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Species Near Surface (0-6 km) Thermosphere (1150 km)
N2 94.2±0.1% 96.6 ± 0.1%
CH4 5.6 ± 0.1% 3.0 ± 0.1%
H2 0.1 ± 0.01% 0.43 ± 0.01%
Table 2.4: Mole fractions of the main constituents of Titan’s neutral atmosphere near the
surface and in the upper ionosphere. Other neutral species make up less than 0.01% of
the total density. Values from Cui et al. (2009) and Niemann et al. (2010).
lobes. When Titan is embedded in the plasma of the magnetodisk current sheet, the dy-
namic pressure of the plasma contributes the most to the total pressure. Achilleos et al.
(2014) showed that the total pressure may increase by a factor of 3 during a transition
from the magnetodisk lobes to the current sheet.
2.2 Titan’s Atmosphere
Titan’s nitrogen-rich atmosphere is among the most complex in the entire solar system.
It has not only the most dense atmosphere compared to other moons, with the surface
pressure being even higher than at Earth, it also has an extensive ionosphere that leads
to a characteristic interaction with Saturn’s magnetospheric plasma. Understanding the
complex structure of the Titan’s neutral atmosphere and ionosphere as well as the various
processes that lead to these structures have been a major topic of research since the Voy-
ager 1 flyby and especially since Cassini’s arrival at Saturn and the landing of the Huygens
probe on the moon’s surface in 2005. In the following we will give a brief overview of
the most important aspects of Titan’s atmosphere.
Spectral analyses of Titan prior to the Voyager 1 flyby already had revealed that CH4 is a
minor constituent of the atmosphere along with H2 (Trafton 1972a,b). However it was not
clear what the main component of Titan’s atmosphere was. The final detection of the main
N2 component was achieved by ultraviolet spectral observations made during the Voyager
1 flyby (Broadfoot et al. 1981). Table 2.4 shows the mole fractions of the most abundant
neutral species, N2, CH4 and H2 near the surface and in the ionosphere. As we can see,
the mole fractions are not constant over the whole atmosphere, but show a slight variation
depending on the altitude. This is rooted in the complex neutral and ion-neutral chemistry
that takes place all over Titan’s atmosphere and which is fueled by the ionization of the
main neutral components. There are several processes that take part in the ionization of
neutrals over the whole range of Titan’s neutral atmosphere. The first one is ionization
through solar X-ray and EUV radiation. Photoionization is the most important process for
the ionization of the neutral atmosphere (e.g. Coates et al. (2011)). The peak density of the
photogenerated day side ionosphere varies from 2500-3500 cm−3 and is usually located at
an altitude between 1050-1150 km, depending on the intensity of the incoming solar radi-
ation (Ågren et al. 2009). Impact ionization through energetic electrons and protons from
Saturn’s magnetosphere is the second source of ionization. The electrons mostly con-
tribute to the ionization in the upper part of the ionosphere around the peak altitude (e.g.
Krasnopolsky (2009)). Also secondary ionization through photoelectrons contributes in
that region. The more energetic ions, mostly protons and oxygen (see table 2.3), are able
21
2 Titan’s Plasma Environment
Figure 2.9: Chemistry chart that covers some of the most important chemical reactions
of Titan’s atmosphere. The main neutral components N2 and CH4 are ionized through
various processes and converted through chemical reactions into the main ion species
C2H+5 and HCNH
+. Figure from De La Haye et al. (2008).
to penetrate deeper into the neutral atmosphere and generate an additional ionospheric
layer at altitudes between 500-1000 km (Kliore et al. 2008, Cravens et al. 2008). A third
source of ionization is given by extreme energetic cosmic rays that generate a prominent
ionospheric layer at very low altitudes. Measurements made by the Huygens probe on its
decent to the surface revealed an ionospheric peak at an altitude of 65 km with densities
of 2000 cm−3 for positive ions and 450 cm−3 for electrons (López-Moreno et al. 2008).
On the night side, only impact ionization by magnetospheric particles contributes to the
generation of the upper ionosphere. In general, the electron density on the night side is
by a factor of 5-6 lower than the peak density on the day side (e.g. Ågren et al. (2009)).
The ionization and dissociation of the main neutral constituents starts a chain of chemical
reactions between ions and neutrals that creates a plethora of new neutral and ion species
in the mass range from 1 amu up to several hundred amu. Also a purely neutral chem-
istry develops and both ion-neutral and neutral reaction chains are strongly intertwined
with each other. Figure 2.9 shows a chart of the most important chemical reactions in
Titan’s atmosphere. The neutral and ion end products of these reaction chains can be
broadly distinguished into two major groups, Carbon-Hydrates (CxH
(+)
y ) and Nitrogen
bearing species (CxNyH
(+)
z , see also figure 2.10). The neutral end products are only very
minor constituents compared to N2 and CH4. However, one of the remarkable features of
Titan’s ionosphere is that the first ionization products of N2 and CH4, N+, N+2 , CH
+
4 and
CH+3 , are rapidly converted into C2H
+
5 (benzhol) and HCNH
+ (hydrogen cyanide) which
have been observed to dominate the ionospheric composition (Cravens et al. 2006). Or-
ganic compounds of high mass have been found to dominate the lower atmosphere, as
they are more susceptible to gravitation. At the bottom of the atmosphere, aerosols with
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masses up to ∼ 40000 amu form the thick orange colored haze layer seen in figure 1.1.
The aerosols are believed to be the chemical product of reacting high mass organic com-
pounds as they sink towards the surface (Waite et al. 2007).
The picture of the chemistry became even more complex with the discovery of negatively
charged ions in Titan’s ionosphere (Coates et al. 2007a, 2009). The observations showed
the occurrence of negative ions over a wide range of masses, with a peak mass-to-charge
ratio of over 10000 amu/q (Coates et al. 2007a). The amount of negative charges was
suggested to be as high as q=5, thus the mass of negative ions may be as high as 50000
amu (Coates et al. 2007a). Observations from multiple Cassini flybys showed that the dis-
tribution of negative ions is correlated to their mass (Coates et al. 2009, Wellbrock et al.
2013). Negative ions with a higher mass peak at lower altitudes and also the maximum
altitude where they are observed decreases with increasing mass.
Figure 2.10 gives an impression of the complexity of Titan’s atmosphere. The plot shows
the ion and neutral mass spectra between 950 and 1000 km, measured by Cassini during
the T19 flyby. One can clearly see that the ion and neutral species are clustered in various
groups that cover a certain mass range. This is due to the fact that most of the chemical
reactions are rooted to the neutral nitrogen and methane, which means that the ’gaps’ be-
tween the mass groups will be on the order of 12-14 amu. Also these mass groups show
a clear correlation between the neutrals and ions.
2.3 Titan’s Plasma Interaction
Titan does not possess a detectable intrinsic magnetic field that may impact the magnetic
signature of its plasma interaction with the magnetospheric plasma. The magnetic obser-
vations made during the Voyager 1 flyby yielded an upper limit of the magnetic moment
of |M| < 4.1nT R3T (Neubauer et al. 1984). Later, a study by Wei et al. (2010) based on
the date of several Cassini flybys further reduced this limit to a value of M < 0.78 nT R3T .
The error in each component of the magnetic moment in this study was calculated to be
on the same order. Therefore, Titan’s magnetic moment is either non-existent, or at least
about 1000 times smaller than that of Ganymede (Magnetic moment of |M| = 711 nT R3G),
which is the largest moon in the Solar System (RG = 2634 km) and the only one with a
known intrinsic magnetic field. However, some studies suggest the existence of conduct-
ing layers on or in the moon (Béghin et al. 2009) and in the ionosphere (Rosenqvist et al.
2009, Cravens et al. 2010) that might influence the lifetime of magnetic fields in Titan’s
lower ionosphere.
As Titan orbits around Saturn at a velocity of ∼ 5.57 km/s, it is constantly overtaken by the
Saturnian magnetospheric plasma that travels at sub-corotational speeds of ∼ 100 km/s
(rigid corotational speed near Titan is 200 km/s). The moon and the plasma move in the
same direction around Saturn (counterclockwise), the magnetospheric plasma therefore
impinges ’from behind’ on Titan. Since the moon does not possess an intrinsic mag-
netic field of relevant strength, the magnetospheric plasma interacts directly with Titan’s
atmosphere and ionosphere. This interaction leads to the formation of an ’induced mag-
netosphere’ around Titan, which means a perturbation of the upstream magnetic field and
plasma due to the transfer of energy and momentum into the atmosphere (Bertucci et al.
2011). An example of an ’intrinsic magnetosphere’ would be the interaction of Saturn
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Figure 2.10: The ion and neutral mass spectra of Titan’s upper ionosphere measured by
Cassini during the T19 flyby. Neutral and ion species cover a wide range of masses and
cluster around certain mass values as a result of the Nitrogen-Methane driven chemistry.
Figure from Waite et al. (2007).
with the solar wind (due to Saturn’s intrinsic magnetic field).
The formation of the induced magnetosphere is a combination of the massloading and
diversion of the upstream magnetospheric plasma flow around the moon’s ionosphere. As
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Figure 2.11: Schematic of the main features of Titan’s plasma interaction. The DRAP
coordinate system is used (see text). Titan’s induced magnetosphere consists of piled-
up and draped field lines and a diversion of the upstream flow around the ionosphere.
Downstream a magnetotail is formed by two magnetic lobes of reversed polarity. Ions
originating from Titan’s ionosphere escape in the magnetic wake via pick-up processes.
Figure from Arridge et al. (2011a).
the upstream plasma approaches Titan, more and more ions originating from the moons
ionosphere are added to the plasma. The ionospheric ions are generated for the most
part through photoionization of the neutral atmosphere and are much colder (few eV)
compared to the upstream plasma. These newborn ions are also much slower than the
upstream plasma, since their parent neutrals possess only a negligible velocity (on the
order of the neutral constituents’ wind speed of 100 m/s to ∼ 1 km) compared to the rest
frame of the upstream plasma. Thus, the bulk velocity of the upstream plasma needs to
decrease in order to conserve momentum as it gets progressively massloaded while ap-
proaching Titan. The moon’s electrically conducting ionosphere also acts as an obstacle to
the impinging plasma flow. The induced currents prevent the magnetized magnetospheric
plasma from penetrating the conducting obstacle by diverting the plasma flow around the
ionosphere. As a result of these processes, the frozen-in magnetospheric field lines drape
around the conducting ionosphere, generating a characteristic perturbation signature of
the magnetic field.
The general structure of Titan’s induced magnetosphere for an idealized geometry of the
upstream flow conditions is illustrated in figure 2.11. This figure uses the DRAP (drap-
ing) coordinate system of (Neubauer et al. 2006), in which the z axis is anti-parallel to
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Figure 2.12: Sketch of the downstream magnetic field structure for an (a) ionospheric
obstacle (Titan) and (b) a purely plasma absorbing obstacle. The figure shows a x = const
plane that cuts through the downstream tail region of the obstacle. The grey circle denotes
the intersection with the obstacles plasma wake. Areas with By < 0 are marked in green,
and areas with By > 0 are marked in magenta. (a) In the case of an ionospheric obstacle
where the tail is filled with cold escaping ions, the magnetic field is pushed out of the
wake region. (b) The exact opposite happens for a plasma absorbing obstacle, where the
magnetic field is pushed into the less dense wake region to compensate the lack of plasma
pressure, which leads to an increase of magnetic field strength in the wake and a reversed
By pattern. Figure from Simon et al. (2015).
the upstream magnetic background field B0, the strictly corotational upstream flow U0
is aligned with the x axis and the resulting convective electric field E0 = −U0 × B0 de-
fines the y axis. Note that this system is identical to TIIS coordinates (Section 2.1.1) for
a strictly north-south magnetic field and a corotational flow. On the ramside, the mag-
netic field strength is enhanced as a result of the pile-up of magnetic field lines in the
massloaded region. The entrance to the induced magnetosphere is indicated by the in-
duced magnetosphere boundary (IMB). The IMB is characterized by a strong change in
the magnetic field strength (also called magnetic barrier or magnetic pile-up) and occur-
rence of draped field lines, a decrease in electron temperature as well as a decrease in the
density of upstream ion species (Bertucci et al. 2011). The inner boundary of the induced
magnetosphere is marked by the ionopause (IP), which is characterized by the occurrence
of a cold photoelectron population and a increase in the electron density as well as a de-
crease of the magnetic field strength (Bertucci et al. 2011). Downstream of the moon, two
magnetic lobes with opposite polarities form Titan’s magnetotail. The magnetic lobes are
a direct consequence of the draping of magnetic field lines around the ionosphere. De-
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pending on the orientation of the upstream magnetic field, the lobes have a characteristic
magnetic signature by which they are identified. For a strictly north-south (Bz < 0) ori-
ented background field, the northern lobe is identified by a negative Bx < 0 component
and southern lobe by a positive Bx > 0 component.
The interior of the downstream tail (also called wake) is filled with escaping cold plasma
from Titan’s exosphere. Due to the increased density in this region, the plasma pressure
is therefore enhanced. The magnetic field strength thus needs to be reduced in the same
region in order to sustain the total pressure balance Ptotal = Pplasma + Pmag between the
ambient region and the magnetotail. The region of decreased magnetic field strength in
the magnetotail is referred to as Titan’s magnetic ’wake’. As a result of the pushed-out
magnetic field lines outside of the wake, a distinct pattern in the By component is formed
around the magnetotail. This pattern is outlined in figure 2.12 where we also compared it
against that of a plasma absorbing inert moon (such as Dione or Rhea), where the oppo-
site effect occurs. The magnetic lobes of the magnetotail are separated by a neutral sheet,
where the sign of the Bx and By perturbations reverse. A consequence of these distinct
and spatially confined magnetic signatures in the magnetotail is that they allow for an easy
identification of the magnetotail structures and the plasma interaction type (object with or
without ionosphere) based on spacecraft measurements.
An important aspect of Titan’s plasma interaction are the effects of the large ion gyro radii
at Titan. For average plasma conditions, the gyro-radius of 16 amu ions is comparable
to the radius of the moon (see table 2.3). Ions from the rest-frame of Titan’s ionosphere
get accelerated by the convective electric field E0 = −U0 × B0. Due to the magnetic field
the ions start to gyrate, which ultimately leads to a cycloidal motion in the plane perpen-
dicular to B0 as they get picked up by the ambient plasma flow. This ’pick-up’ process
leads to a distinct asymmetry in Titan’s induced magnetosphere and ion density outflow,
with the pick-up ions moving in a confined plane perpendicular to the magnetic field, also
called Titan’s ’pick-up tail’. The spatial extensions of the pick-up tail are on the order of
the local gyro radius (up to several RT ). Since the gyro radius scales with the mass of the
ions, Titan’s pick-up tail may be viewed as a natural mass spectrometer where the ions
accumulate according to their mass in the pick-up tail, with the heaviest ions on the outer
flank and lighter ions towards the moon (Luhmann 1996). The magnetic perturbations
generated by the pick-up ions also distort the magnetic structures with respect to the di-
rection of E0 (see also chapter 4).
For the large majority of Titan flybys however, the upstream geometry of the magnetic
background field B0 and the upstream plasma bulk velocity U0 will deviate from the ide-
alized conditions established above (figure 2.11). If B0 and U0 are not perpendicular to
each other, further asymmetries are added to Titan’s induced magnetosphere, e.g. twist-
ing of the magnetic field in the vicinity of Titan and a deformation of the neutral sheet
between the magnetic lobes (Simon and Motschmann 2009). However the general char-
acteristics of Titan’s induced magnetosphere and magnetotail do not change compared to
the U0 ⊥ B0 case. If we consider a rotation of the upstream magnetic field around a fixed
direction of the upstream flow, the only difference in the large scale structure of Titan’s
induced magnetosphere and magnetotail is analogous to an equal rotation of these struc-
tures around the flow direction itself. However, time dependent changes of the magnetic
field may also lead to the fossilization of magnetic field lines in Titan’s ionosphere (see
the next section 2.4).
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There are other bodies in the solar system who show a very similiar type of plasma in-
teraction with their surrounding plasma environment. This applies to Venus and Mars,
both planets that are unmagnetized (Acuna et al. 1998, Russell et al. 1979) and that also
possess an atmosphere, as well as to the interaction of active comets with the solar wind.
The induced magnetospheres of these bodies share many features of their structure and
generation with that of Titan (Bertucci et al. 2011). This includes the formation of an
induced magnetosphere as a result of the massloading of the upstream plasma flow due to
the presence of a ionosphere as well as the formation of a characteristic magnetotail with
two magnetic lobes. The induced magnetosphere boundary and the ionopause have been
observed as well at Mars and Venus (Knudsen et al. 1982, Acuna et al. 1998, Bertucci
et al. 2003). At Mars however, the ionopause does not coincide with a drop in magnetic
field strength, due to the latent crustal fields. A significant difference to the plasma inter-
action of Titan is the occurrence of a upstream bow shock at Mars, Venus and also comets.
A bowshock can only be developed if the upstream plasma conditions are of supermag-
netosonic nature (MMS > 1). The flow energy of the impinging plasma is converted into
thermal energy at the shock front, leaving a decelerated plasma with MMS < 1 afterward.
Near Titan, the plasma conditions are almost always of submagnetosonic nature so that
no bow shock is formed. There is only a single observation of a bow shock at Titan in
the entire Cassini era so far. This was during the T96 encounter where Titan was located
outside of Saturn’s magnetosphere in the solar wind (similar to Venus and Mars) (Bertucci
et al. 2015). The T96 encounter is subject to discussion in chapter 5 of this thesis.
2.4 Fossilized Magnetic Fields at Titan
An interesting aspect of Titan’s interaction with its highly variable magnetospheric envi-
ronment is the so called ’fossilization’ (Neubauer et al. 2006) of magnetic field lines in its
upper ionosphere: when the ambient magnetic field near Titan changes from one regime to
another (e.g. from northern to southern lobe like conditions), the induced draping pattern
of the first magnetic regime may prevail in a certain altitude regime of Titan’s ionosphere
on timescales of up to several hours (Neubauer et al. 2006). This means that during a Titan
flyby of Cassini two distinct magnetic draping patterns in Titan’s induced magnetosphere
may be detected: First, a draping pattern that is compatible with the upstream magnetic
background field immediately prior to the encounter, and second a draping pattern which
is observed closer to the moon and that is compatible with a different upstream magnetic
background field which has already gone past Titan.
This ’memory effect’ effect of Titan’s ionosphere is closely connected to the timescales of
plasma transport in the ionosphere. Outside of Titan’s atmosphere, the magnetic field is
frozen-in with the magnetospheric plasma and therefore magnetic field lines move at the
bulk speed of the ambient sub-corotating plasma at around ∼ 100 km/s. However, with
decreasing altitude towards Titan, the plasma velocity gradually decreases due to mass-
loading by very slow moving newly generated ions in Titan’s ionosphere and also due to
increasing collisions with particles from Titan’s neutral atmosphere. Based on MHD sim-
ulations (Backes et al. 2005) of Cassinis first Titan encounter, Neubauer et al. (2006) esti-
mated that the plasma bulk velocity decreases from upstream values of ∼ 100 km/s down
to values of about ∼ 0.1 km/s in the altitude range of 1700 − 1400 km (see figure 2.13).
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Figure 2.13: Illustration of the plasma velocity (solid red) along the ram direction and
travel-time (dashed green) of frozen-in magnetic field lines from a distance of −8 RT .
With decreasing altitude the plasma flow velocity drops and the travel time increases. In
the ionosphere the travel-time of field lines goes up to values of hours compared to the
outside region. This allows magnetic field lines to ’survive’ for an extended period of
time in this region regardless of changes in the upstream magnetic field. Figure from Ma
et al. (2009).
We note that fossilized fields are constrained to a rather narrow altitude regime in Titan’s
ionosphere. It is essentially the altitude regime where the region of very slow plasma
flow velocity overlaps with the region in Titan’s ionosphere where plasma transport is
still convection dominated. However, with decreasing altitude the transport of magnetic
field lines becomes more and more diffusion dominated due to the increased neutral den-
sity. The transition from a convection-dominated to diffusion-dominated plasma flow was
suggested by Cravens et al. (2010) to be located at around ∼ 1000 km altitude. Below
this altitude the magnetic field is detached from the plasma and is transported through
magnetic diffusion.
After the prediction of the existence of fossilized magnetic fields in Titan’s ionosphere by
Neubauer et al. (2006), so far there have only been two observations of this phenomenon
through subsequent Cassini measurements. The first happened during Cassini’s T32 en-
counter on 13 June 2007 and the second during the T96 encounter on 01 December 2013
(see chapter 5 for a discussion of the T96 encounter). In both these cases the ambient
magnetic field underwent a significant change in direction before Cassini entered the Ti-
tan interaction region. Beforehand of T32, the solar wind dynamic pressure was enhanced
compared to normal levels so that Saturn’s magnetopause was pushed back towards Sat-
urn and swept multiple times over the Cassini spacecraft (Bertucci et al. 2008). The
situation prior to Cassini’s flyby past Titan was such that the moon was embedded inside
Saturn’s magnetosphere for ∼ 3 hours with a mainly southward oriented magnetic back-
ground field. Around 10 minutes before Cassini entered the Titan interaction region the
magnetopause swept back over Titan, exposing the moon to a mainly northward oriented
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Figure 2.14: Observation of fossilized magnetic field lines during the T32 flyby. The plot
shows magnetic measurements along the flyby trajectories of T32 (red arrows) and T30
(blue arrows) in TIIS coordinates. Magnetic field vectors that belong to the draped field of
Titan’s induced magnetosphere are highlighted in darker colors, whereas the unperturbed
ambient magnetic field is indicated by lighter colors. Figure from Bertucci et al. (2008).
magnetic field from the magnetosheath (Bertucci et al. 2008).
The situation of this flyby is illustrated in figure 2.14. Cassini was located at northern
altitudes and traveling away from Saturn. The figure also shows the magnetic measure-
ments along the T30 encounter which has a very similar flyby trajectory to T32 with a
similar southward oriented ambient magnetic field near Titan. The draped field lines of
Titan’s induced magnetosphere (dark blue arrows) for T30 show the typical magnetic sig-
nature that is expected for these conditions, with a strong component along the negative
x-direction (described as toward lobe in figure 2.14). However, for the T32 case, Titan’s
induced magnetosphere shows a similar magnetic signature (dark red arrows) that is not
compatible with the northward pointing ambient magnetic field of the magnetosheath in
which Titan was embedded in prior to the encounter. For this magnetic field one would
expect to observe a component along the positive x-direction instead, which was not ob-
served. Bertucci et al. (2008) thus concluded that Titan’s induced magnetosphere during
T32 was dominated by fossilized magnetic fields from the 3 h time interval where the
moon was located inside Saturn’s magnetosphere.
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Several studies have further constrained the theoretical lifetime of the fossilized magnetic
fields. Initially, Neubauer et al. (2006) predicted a possible lifetime of up to several hours.
This timescale was substantiated by the study of Bertucci et al. (2008), who constrained
the lifetime to a window of ∼ 20 min to ∼ 3 h, based on the observations made during the
T32 encounter. Values in this range were later supported by numerical models of the T32
encounter. Hybrid simulations by Müller et al. (2010) put a lower limit of ∼ 25 min on the
lifetime of fossilized magnetic fields, whereas MHD simulations by Ma et al. (2009) and
Snowden et al. (2011b) estimated lifetimes of ∼ 2 h and ∼ 50 min, respectively. Simon
et al. (2010) also speculated that the lifetime of fossilized fields may even further exceed
these values in Titan’s wake region due to the prolonged transport times through Titan’s
diffusion dominated region.
Despite the impact of the variability in the upstream plasma conditions on the inner re-
gion of Titan’s induced magnetosphere, the influence on the large scale structures of Ti-
tan’s induced magnetosphere was found to be weaker than expected. Ulusen et al. (2012)
compared Cassini observations from nine Titan flybys against the results of an MHD sim-
ulation and suggested that the magnetic perturbations of Titan’s plasma interaction can
be divided into two layers: up to an altitude of 1800 km the induced magnetic field per-
turbations are generally in agreement with a steady-state draping of the average ambient
magnetic field. Below that altitude, the observations show strong deviations from the
steady-state draping picture due to fossilized fields and effects of neutral winds. These
findings were later supported by the study of Simon et al. (2013) who also investigated the
robustness of Titan’s induced magnetosphere against the magnetospheric variabilities of
the upstream magnetic field based on a much larger dataset. They found that for most fly-
bys the magnetic measurements can be understood by the draping of an average magnetic
background field around Titan’s ionosphere. For cases where this picture was not applica-





In this chapter we describe the main features of the simulation model. In section 3.1
we give a brief overview of different model approaches and describe the main equations
of the hybrid simulation code A.I.K.E.F. (Adaptive-Ion-Kinetic-Electron-Fluid) which is
used in this thesis. A brief overview of the numeric details of our hybrid code is given
in section 3.2. We discuss the implementation of Titan’s ionosphere and the chemistry
network into our model in section 3.3. We finish with an overview of other numerical
simulation studies of Titan’s plasma interaction that have been presented in the past in
section 3.4.
3.1 Hybrid Model A.I.K.E.F.
There are several ways to perform numerical simulations of the plasma interaction of a
planet/moon with an impinging plasma. Table 3.1 gives an quick impression of the con-
ceptual differences between the main model approaches that have been developed in the
past. The simplest approach to numerical plasma simulations is a pure magnetohydro-
dynamic (MHD) model, where the plasma is represented by a single fluid with average
parameters. This approach allows the use of a very high grid resolution due to the low
demanding computational costs. Also the description of plasma-neutral interactions such
as collisions are very straightforward as they can easily be included as a loss term in the
momentum equation. However, asymmetries due to large gyro radii of ions can not be
included with this approach. In the next step, an MHD model can be improved by includ-
ing multiple continuity equations, to form a multi species MHD code. This allows for a
very detailed description of ion-neutral chemistry, but ion effects are still neglected by the
use of a single equation for the bulk velocity. This problem is solved by the multi-fluid
approach, where each plasma species is represented with its own continuity and momen-
tum equation. Thus, asymmetries due to different ion species with different masses can be
resolved. Multi fluid codes are also not very computationally demanding and can there-
fore be used to simulate a planet’s magnetosphere and a moon in the same box. However,
multi fluid models cannot simulate non-Maxwellian particle distributions which may be
important in Saturn’s outer magnetosphere.
The hybrid approach combines parts of the advantages of a full particle approach and
the simplicity of a fluid approach by representing ions as kinetic particles, while treating
electrons as a fluid. By solving the equations of motion for the ions, the hybrid approach
can resolve non-Maxwellian particle distributions and naturally the effects of the veloc-
ity shear of different ion species. Also the inclusion of negatively charged ion species
is possible, such as the negatively charged dust grains near Enceladus. However, this
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Fluid Models Kinetic Models
Single Fluid Single Fluid Multi Fluid Hybrid Model Full Particle
Single species


















Table 3.1: Main conceptual differences, strengths and weaknesses of various modeling
approaches for numerical plasma simulations.
semi-kinetic approach is computationally very demanding, since the phase-space (x, v)
of millions of macroparticles needs to be stored. Therefore, a hybrid code is usually re-
stricted to a coarser grid resolution compared to a fluid approach. A full particle model
treats both ions and electrons as kinetic particles under the influence of external forces. By
using the complete set of Maxwell equations, this approach is able to cover the complete
physics without the use of simplifying approximations. However, the computational cost
of managing the phase space of ions and electrons is exceptional. Also the description of
particle interactions (especially chemical reactions) is not easily possible in a comparable
straightforward manner as it is for fluid codes. Because this approach resolves electron
dynamics, which have generally much smaller characteristic scales than ions, a full parti-
cle code would also take too much time to complete a simulation of e.g. Titan’s plasma
interaction. In addition, resolving the effects of electron dynamics is often not necessary
for the majority of celestial bodies, since the ion dynamics dominate the plasma interac-
tion, especially at Titan.
In this thesis, we use the hybrid simulation code A.I.K.E.F. (Müller et al. 2011), which
treats ions as particles, while electrons act as a massless, charge-neutralizing fluid. The
hybrid approach therefore enables plasma simulations to cover kinetic effects of individ-
ual particles, such as the asymmetries associated with large ion gyro radii and different
flow patterns of light and heavy plasma constituents. Thus, the hybrid approach is partic-
ularly suitable to study the unusual ion tail structures seen during T9, T63 and T75.
In the following we will derive the main hybrid equations of the A.I.K.E.F. code. Note
that this code and its underlying equations and numerical mechanisms have been exten-
sively described in previous studies, e.g. Bagdonat (2005), Simon (2007), Kriegel (2014),
Müller et al. (2011). For an in depth description of the numerical details we refer the
reader to those works. The hybrid model which we use is based on three main assump-
tions:
• The mass of electrons is neglected,
me = 0 . (3.1)
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For a plasma of s = 1, ...,N ion species with charge qs, density ns and electron
density ne. In this thesis we only use single charged positive ions.
• The Darwin-Approximation (Bagdonat 2005) is used, where the displacement cur-
rents are neglected 0 ≈ 1c2 ∂E∂t . Ampéres law then becomes
∇ × B = µ0 j . (3.3)
These assumptions place several constraints on the validity of the model. The quasi-
neutrality condition demands that the characteristic length scales are larger than the Debye
length λD of the plasma and the characteristic frequencies to be smaller than the plasma
frequencyωpe. These conditions are always fulfilled in the vicinity of Titan (see table 2.3).
By neglecting the electron mass we allow for the treatment of the electrons as a massless
fluid, which leads to a simple equation for the calculation of the electric field (see below).
This assumption is justified because the characteristic scales of electrons are much smaller
than those of the ions, meaning that electrons are able to adapt to ion dynamics without a
noticeable inertial delay. By neglecting displacement currents in Ampéres law, we simply
demand that the characteristic speeds of the system are much smaller than the speed of
light. In a space plasma the characteristic speed is given by the Alfvén velocity, which is
at maximum on the order of hundreds km/s.
Since it is computationally not possible to store the phase space coordinates of the ∼ 1027
real individual particles (assuming a total ion density of 0.3 cm−3 in a (10 RT )3 simulation
box), the hybrid model treats the ions as macroparticles with the same mass-to-charge
ratio as the real individual particles. The motion of these particles is therefore governed
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where x j, v j, m j and q j denote the position, velocity, mass and charge of a single macropar-
ticle.
With the assumption of negligible electron inertia (electron mass me ≈ 0) as well as an
isotropic electron pressure, the electron momentum equation reads
0 = −
(




∇Pe + η j . (3.5)
In this equation, ue, ne and Pe are the electron bulk velocity, electron number density and
electron pressure, respectively. The last term describes the diffusion of electromagnetic
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q jn j , (3.6)
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where the summation is carried out over all positive ion species, and u j and n j denote the
bulk velocity and number density of the respective ion species. Using the definition of the
current density, j = −eneue +
∑
j q jn ju j, as well as Ampère’s law, ∇ × B = µ0 j, one can
derive an expression for the electric field from Equation (3.5):
E = −ui × B +







∇ × B , (3.7)
where ρc,i is the total charge density of the ions. For the electron pressure we use an







with the adiabatic exponent κ = 2, representing two degrees of freedom for electrons in a
magnetized plasma (Bößwetter et al. (2004)). The quantities Pe,0 and ne,0 are background
parameters describing the undisturbed upstream plasma. An adiabatic description of the
electrons had also been applied in the hybrid models of Modolo et al. (2007a) and Lipatov
et al. (2012), who successfully described aspects of the split signatures detected during
T9. By applying Faraday’s law to the electric field equation, one obtains an expression



















where the electron pressure term vanishes in this equation due to the adiabatic description
(Simon et al. (2007a)). Negatively charged ions that may occur in Titan’s ionosphere
(Coates et al. (2007a)) are not included in this model.
3.2 Numerical Implementation
In the following we will briefly describe some of the main numerical aspects of A.I.K.E.F.
This code is based on the ’Braunschweig’ code which was developed by Bagdonat (2005)
and subsequently improved by the works of Simon (2007) and Müller et al. (2011) into
the version used in this thesis.
A.I.K.E.F. operates on Cartesian coordinates and uses an un-staggered grid. The compu-
tational domain can be refined in order to improve the grid resolution near locations of
interest. This is achieved by the separation of the underlying grid structure into equally
sized ’root’ blocks (level 0). Each root block then consists of eight octants. If a certain
region of a root block is supposed to be refined to a higher resolution (level 1), the octants
that cover that region become the new root blocks of the next higher refinement level.
The octants of the new root blocks thus then have twice the resolution compared to the
level below. The code theoretically supports an arbitrary number of refinement levels,
however, for Titan plasma simulations more than two levels of refinement proved to not
be beneficial to the duration of simulation runs. A.I.K.E.F also supports an adaptive mesh
refinement routine, i.e., an on-the-fly adaptation of the local grid resolution that can be
triggered by various parameters (e.g. the average number density of an octant). However,
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Figure 3.1: Details of the splitting (a) and merging (b) mechanisms of particles in
A.I.K.E.F. to ensure an approximately constant number of particles in each cell for all
refinement levels. In order to conserve momentum, three particles are merged to form
two new particles. The new particles are dislocated from their partners by a small (ran-
dom) distance ∆x for both splitting and merging procedures. Figure from Müller et al.
(2011).
in this thesis we always use a hierarchical mesh refinement where the region of increased
resolution is fixed from the start of the simulation (usually the near vicinity of the Ti-
tan obstacle). The code is parallelized with the Message Parsing Interface (MPI). Each
CPU process handles all calculations of its assigned root blocks (or refined blocks). The
number of assigned blocks per process is checked and balanced after a certain amount of
simulation steps in order to maintain a reasonable workload on the processes.
A.I.K.E.F. is a Particle-in-cell code, where the ion macroparticles move freely inside the
grid cells and the macroscopic physical quantities (E, B,U, ρ) are calculated only on the
mesh nodes itself. The contribution of a macroparticle at a certain position inside a mesh
cell to the bulk velocity and charge density on each of the eight cell corners is extrap-
olated with the Cloud-in-Cell method. In this method the volume that is defined by the
corner mesh node and the position of the macroparticle is used to weight that particles
contribution to the quantities on the cell corner mesh node. The same method is then used
to retroactively calculate the electromagnetic fields at the particles position in order to
derive the local Lorentz force.
The mesh refinement of root blocks into child blocks with increased resolution also re-
quires additional procedures for the particle management: the eight newly created child
blocks cover the same volume as their parent, thus they also contain the same number of
particles. This means that the number of particles per cell is reduced by a factor of eight
for each refinement level. In order to avoid having nearly empty cells in the domain, par-
ticles that cross the boundaries between refinement levels are therefore subject to splitting
and merging (see figure 3.1). This mechanism ensures that the number of particles in each
grid cell is centered around a fixed number. Particles that enter a cell with a higher level
of refinement are split into two particles. If the number of particles exceeds the optimal
value in a cell, three particles are merged into two new particles. Each ion macroparticle
has a certain weight that indicates the number of real particles that it represents. The
weight of the macroparticles after splitting and merging is adjusted accordingly to keep
the number of represented total particles constant.
The electromagnetic fields are advanced in time via several mechanisms. The electric
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field is advanced by using the Current-Advancement-Method (Matthews 1994). For the
magnetic field, the convective term and the Hall term are advanced by a time-explicit,
second-order cycling leap frog algorithm (see section 4.3.1 in Bagdonat (2005)). For the
diffusion term of the magnetic field, this treatment is not suitable due to the large gra-
dients of the resistivity η that may arise at the inner boundary between the obstacle and
the surrounding space. An implicit algorithm is applied for the magnetic diffusion term
instead, which is solved via a Successive-Over-Relaxation (SOR) scheme.
Due to the use of an un-staggered mesh for the electromagnetic fields, an additional ’di-
vergence cleaning’ method is required in order to fulfill ∇ · B = 0. This is achieved by
solving Poisson’s equation for the (purely numerical) potential of the magnetic field φB,
∆2φB = −∇ · B (3.10)
with a SOR scheme. The divergence-free magnetic field can then be obtained in the code
by correcting the numerical field B via
Bcorrected = B + ∇φB (3.11)
The numerical stability of the code is mainly affected by the Courant-Friedrichs-Lewy
criterion, which states that no information should travel faster than one mesh cell in a
single simulation step ∆t. This means effectively that the timestep has to be chosen such
that no particle can travel through a single grid cell in one step. For the Titan simulations
performed for this thesis, choosing a time step that is between 0.0001 ·Ω−1g to 0.001 ·Ω−1g
(with Ω−1g the inverse gyro frequency of the upstream plasma) proved to be sufficient to
ensure this criterion.
3.3 Titan ionosphere model
The model for the ionosphere of Titan used in this thesis has been drastically improved
compared to the one used in preceding studies (e.g., Simon et al. (2006b, 2007c), Müller
et al. (2010)) in several important respects. We describe Titan’s ionosphere with a seven-
species model, considering the same components as the MHD model by Ma et al. (2004,
2006) and the hybrid model by Ledvina et al. (2012). The model covers masses from 2-74
amu and accounts for the fact that the complex ion-neutral chemistry in Titan’s ionosphere
produces a vast number of different ion species, which are found to cluster around several
distinct mass values (Cravens et al. (2006)). An overview of the species included in the
model is given in Table 3.2. The most abundant ion species observed in Titan’s upper
ionosphere (> 1000 km), C2H+5 and HCNH
+ (Krasnopolsky (2009)) are each represented
by a separate model ion species.
In each time step, ions of the first three model species (L+, M+, H1+) are added to the
ionosphere in the simulation according to their total ion production rates, taking into ac-
count photoionization and impact ionization by magnetospheric electrons. We use the
EUVAC model developed by Richards et al. (1994) to calculate realistic photoionization
rates for these species. The EUVAC model provides wavelength-dependent solar UV radi-
ation intensities at 1 AU, IEarth(λi), in the range of 50-1000Å. The Solar flux at the topside
of Titan’s atmosphere ISaturn(λi) is obtained by scaling of the EUVAC flux according to
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Model species name Physical composition Mass Mass range
L+ H+, H+2 2 1-2







+, C+, N+ 14 12-17
H1+ C2H+5 29 29

























HNI+ C3H2N+,C5H5N+,C3HN+ 74 51-79
Table 3.2: Ionospheric species used in the model with respective mass of the species in
the code and the mass range of the corresponding physical species. Species which possess
similar mass are grouped into a single species. Based on Ma et al. (2004).





This wavelength interval is divided into 37 wavelength bins and the intensity of the solar
flux is scaled to account for the variability of the solar activity in the solar cycle. Our
model includes three neutral species that are used for photoionization: H2, CH4 and N2.
The density profiles of these main components of Titan’s neutral atmosphere are adopted
from Cui et al. (2009) (see figure 3.2) and are assumed to be spherically symmetric. In
the hybrid code, the main neutral densities are implemented via barometric equations
n(z) = n0exp(−z/H), where n0 is the density at the surface and H is the scale height of the
species:
























, z > 0.4757
[m−3] (3.15)
Close to Titan, N2 and CH4 dominate the neutral atmosphere, however at high altitudes
(∼ 2000 km), hydrogen becomes the dominant species due to its large scale height (HH2 ∼
300 km compared to HN2,CH4 ∼ 70 − 90 km). Note that the regions below an altitude
of 900 km are not important for Titan’s plasma interaction since the plasma transport
is not convection dominated there and thus it is sufficient to cover the upper altitudes
with a precise neutral density profile only. Photoionization of H2 is associated with the
L+ species, of CH4 with the M+ species and of N2 with the H1+ species. It is crucial
to understand that this justified because, as we have stated in section 2.2, in reality the
photoionized main neutrals N2 and CH4 are rapidly converted into those species anyway
by the chemistry.
All three neutral species are assumed to attenuate the solar flux in Titan’s atmosphere by
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Figure 3.2: Average density profiles of N2, CH4 and H2 between 950 and 1500 km.
The profiles are averaged over 15 close encounters of Cassini and measured by the Ion-
Neutral-Mass-Spectrometer (INMS). The altitude profiles are used in our model. Figure
from Cui et al. (2009).
absorption of solar radiation. The total photoionization production rate Pph, j(x0) for ion


















and σion,n, σabs,n and nn denote the photoionization and absorption cross-sections and the
density of the respective neutral species n = {H2, CH4, N2}. The integration in equation
(3.17) is carried out along the path element ds, which is along the straight line from the
sun to x0. The wavelength dependent photoabsorption and photoionization cross-sections
are taken from Schunk and Nagy (2009). This method precisely describes the photoion-
ization of Titan’s atmosphere. It accounts for the local time and seasonal dependency of
the location of the subsolar point and produces realistic ion production rates in the region
around the terminator, in contrast to our preceding model (e.g., Simon et al. (2006b)). In
the geometric shadow of Titan, the photoionization is zero. Thus, the ion production due
to solar radiation is of a bowl-like shape and possesses rotational symmetry around the
Sun-Titan line.
The model considers another source of ions for the (L+, M+, H1+) species associated
with impact ionization by magnetospheric electrons. The respective ionization rates are
taken from Ledvina et al. (2012) and added to the photoionization rate. According to
the resulting production rates, ions are injected into the simulation during each time step.
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Reaction kin [10−10cm3/s]
CH+5 +C2H4 → C2H+5 15.0
C2H+5 + HC3N→ HC3NH+ 36.0
CH+5 + C2H6 → C2H+5 2.0
HCNH+ + C4H2 → C4H+3 1.8
N+ + CH4 → HCNH+ 4.0
HCNH+ + HC3N→ HC3NH+ 34.0
CH+3 + CH4 → C2H+5 11.0
C3H+5 + C2H2 → C5H+5 3.8
C2H+5 + HCN→ HCNH+ 27.0
C3H+3 + C2H4 → C5H+5 5.5
C2H+5 + C2H2 → C3H+3 , C4H+5 1.9
C4H+3 + C4H2 → C6H+3 7.4
C2H+5 + C2H4 → C3H+5 3.5
Table 3.3: Ion-neutral reactions included in the model. Rate constants kin are taken from
Krasnopolsky (2009) and Vuitton et al. (2007).
All other ionospheric species are generated solely as a result of ion-neutral reactions (see
Table 3.3). The ion-neutral interactions which are considered by our model include elas-
tic collisions of the impinging magnetospheric plasma with Titan’s three main neutral
species (N2, CH4, H2), as well as the most important ion-neutral chemical reactions in the
ionosphere. The elastic collision rates νin are calculated by
νin =
2.7 · 10−9nn (αnµin)0.5
mi
, (3.18)
where we apply αH2 = 0.82, αCH4 = 2.59 and αN2 = 1.76 as the neutral polarizability
parameters (Schunk and Nagy (2009)). The parameter µin is the reduced mass of the re-
action partners and mi is the mass of the involved ion species.
The ion-neutral reactions which produce the other species in the ionosphere and their re-
spective rate constants kin are listed in Table 3.3. For any reactions that include a neutral
species other than H2, CH4 or N2, we assume a constant ratio ηn = nn/nCH4 of the respec-
tive species and CH4 in order to to be able to calculate the process rate νin = kinnn of the
reaction. These minor species are only needed for the calculation of the chemical reac-
tions and do not possess a fine structure (e.g. a local maximum) in their density profile
above 900 km altitude. The mixing ratios of the minor neutral species are estimated from
the density profiles given by Ledvina et al. (2012).
The numerical realization of the chemical reactions is done in a purely statistical way,
with the method introduced by Kriegel et al. (2011). A detailed description of the nu-
merical mechanism for the chemical reactions is provided in that preceding work. During
each time step, reaction probabilities for every particle in the simulation are calculated.
The reaction probabilities are related to the lifetime of a particle: the lifetime of an ion,
i.e. the time between two reactions, is a random variable which obeys an exponential
distribution. The probability that a particle does not undergo a reaction for the next time
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where τin is the average time between two reactions. The probability that a particle will
undergo a reaction during the next time interval ∆t is therefore related to the reaction rate




(1 − P(t))|t=0 = νin = kinnn . (3.20)
In the numerical model, the product p∆t is then compared against a random number r
between 0 and 1 to decide if a reaction occurs (reaction: p∆t > r, no reaction: p∆t < r).
This approach requires the timestep ∆t to be such that p∆t is much smaller than 1. If this
conditions is not fulfilled, the method is not implemented correctly.
During a reaction, an ion of the original species is removed from the simulation and
replaced by an ion of the product species. New ions are initialized with the velocity of
the neutral reaction partner, which we assume to have a temperature of 150 K in our
simulations. No bulk velocity of the neutral species is assumed in our model. Since these
neutral velocities (∼ 1 km/s) are negligible compared to the plasma velocities (∼ 100
km/s), the chemical reactions as well as collisions effectively slow the overall plasma
down. If an elastic collision occurs, the ion remains in the simulation and its velocity is
changed to that of the neutral species.
3.4 Other Titan simulation models
A number of different simulation models have been developed in the past by several
groups in order to describe various aspects of Titan’s plasma interaction. These mod-
els cover almost the full spectrum of different numerical approaches presented in table
3.1, apart from full-particle codes.
A single fluid, multi species MHD code was developed by Ma et al. (2004). This model
introduced the basics of the 7-species representation of Titan’s ionosphere that is also used
in our model. However since all the ion species share the same bulk velocity, the asymme-
tries in Titan’s plasma interaction due to ion gyration effects can not be resolved by this
model. The model was applied to study Titan’s plasma interaction during the first two
Cassini Titan flybys TA and TB (Ma et al. 2006), as well as the T9 flyby (Ma et al. 2007).
Simulations of the plasma interaction during the T32 encounter of Cassini confirmed the
existence of fossilized magnetic fields in Titan’s ionosphere Ma et al. (2009). Ma et al.
(2011) further developed their model by introducing a two-fluid approach for electrons
and ions in order to include electron thermal heating processes in Titan’s ionosphere.
Snowden et al. (2007) developed a simple multi fluid code for Titan’s plasma interaction.
Their code is therefore able to resolve the asymmetric effects of ion gyration near Titan.
Snowden et al. (2007) applied their model to simulate Titan’s plasma interaction during
the TA, TB and T3 encounters of Cassini and found a good agreement of their simulation
results with Cassini magnetic observations. By taking advantage of the computational
abilities of fluid codes, Snowden (2010) embedded the local Titan interaction model into
a global multi-scale model of Saturn’s magnetosphere. Using this global model Snowden
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et al. (2011a) investigated the variability of Titan plasma environment when it is located
in the pre noon sector at 9 Saturn local time for the cases of a stationary, inward moving
and outward moving magnetopause. They found indications that Titan’s presence may be
able to hinder Saturn’s magnetopause from crossing over Titan’s orbital location in this
sector. By using time-dependent solar wind conditions in their global model, Snowden
et al. (2011b) studied Titan’s interaction during the magnetopause crossing of the T32
encounter and found similar constraints on the timescales (50 min to 2 h) of fossilized
magnetic fields in Titan’s ionosphere as other studies. An improved version of the multi
fluid code that includes electron impact ionization, ion neutral collisions and ion recom-
bination was used by Snowden and Winglee (2013) to simulate Titan’s plasma interaction
during the T55 flyby. They showed that electron impact ionization was necessary to ex-
plain observed electron densities on the night side of the moon and also suggested that
the impinging plasma flow on Titan contained a strong radially outward pointing compo-
nent during T55 instead of a corotational direction. Snowden et al. (2013) combined their
model with a two-stream electron transport model to study the energy deposition into Ti-
tan’s ionosphere by magnetospheric electrons that precipitate along the draped field lines.
They found that the total power deposited by magnetospheric electrons is about an order
of magnitude less than the power deposited by solar EUV radiation during the solar min-
imum around 2008, confirming the sun as the major source of input energy for Titan’s
ionosphere.
Ledvina et al. (2012) applied a hybrid model that includes the major chemical reactions
and ion-neutral collisions of Titan’s ionosphere in order to investigate the effect on Ti-
tan’s plasma interaction caused by the orientation of the day side ionosphere with respect
to the incident magnetospheric plasma flow. These authors found Titan’s ionosphere to
be always in a state of photochemical equilibrium at altitudes below 1200 km regardless
of illumination angle. In addition, they found that the ion outflow and magnetic field
structures of Titan’s induced magnetosphere are highly robust against changes of the il-
lumination angle. Ledvina and Brecht (2012) included negative ions to their ionosphere
model. They found that negative ion pickup may be detectable by spacecraft observations,
however Titan’s induced magnetosphere structure is not affected in a significant way.
Other hybrid models have been applied to study Titan’s plasma interaction during the
Voyager 1 encounter (Brecht et al. 2000, Kallio et al. 2004, Sillanpää et al. 2007) as well
as the Cassini’s TA flyby (Modolo and Chanteur 2008, Lipatov et al. 2014), where the
model results generally showed agreement with the observational data. Hybrid models
were also applied to study aspects of Titan’s plasma interaction during the T9 flyby (these
are described in section 4.1).
The hybrid code A.I.K.E.F. in its previous versions has been used in preceding studies for
a wide range of plasma interaction scenarios throughout the solar system. Titan’s plasma
interaction has been the subject of the majority of these studies. The first modeling of
Titan’s plasma interaction with A.I.K.E.F. was done by Simon et al. (2006b), who studied
the general structure of the Titan’s induced magnetosphere for different orbital locations
and upstream Mach numbers. In this work Titan’s ionosphere and the upstream magne-
tospheric plasma each were represented by a single ion species. Simon et al. (2007b) ex-
tended their Titan ionosphere model to multiple upstream and ionospheric species, with
Titan’s ionosphere being represented by photoionized H2, CH4 and N2, and compared
their model results with their previous one species model. Simon et al. (2007c) also ap-
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plied their model to the T9 flyby of Cassini (see section 4.1). Simon et al. (2008b) were
able to reproduce key features of the observed magnetic field signatures during the T34
encounter. Titan’s response to time-dependent changes of the magnitude and direction
of the upstream magnetic field was studied by Simon et al. (2008a), where they showed
that the asymmetric features of Titan’s magnetotail cannot develop under the distorted
upstream conditions. The reconfiguration of Titan’s induced magnetosphere during the
crossing of Saturn’s magnetopause throughout the T32 encounter was studied in real-
time by Simon et al. (2009a). Using a hierarchical grid that permits a higher resolution in
Titan’s ionosphere, the fossilization of the magnetic field in the moon’s ionosphere during
this encounter was studied by Müller et al. (2010). Titan’s interaction with the supersonic
solar wind was analyzed by Simon (2009). Simon and Motschmann (2009) studied the
asymmetries of Titan’s induced magnetosphere as a function of the moon’s distance to
Saturn’s magnetodisk current sheet. They showed that non-perpendicular upstream ge-
ometries of the bulk velocity and magnetic field induce additional asymmetries to Titan’s
magnetotail structures.
A.I.K.E.F. was also applied to study the plasma interactions of numerous other Saturnian
moons visited by Cassini, e.g., Tethys (Simon et al. (2009b)), Rhea (Roussos et al. 2008,
Simon et al. 2012), and Dione (Krupp et al. 2013). Kriegel et al. (2011, 2014) also in-
cluded the effects of negatively charged dust grains on the plasma flow, which proved
to be essential for the description of Enceladus’s dusty plasma interaction. Outside the
Saturnian system, the hybrid code was successfully applied to the study aspects of the
plasma interactions of magnetized asteroids (Simon et al. 2006a), Mars (Simon et al.
2007a, Bößwetter et al. 2007, Boesswetter et al. 2009, 2010) and Mercury (Müller et al.
2012).
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The following chapter has been published in wide parts before submission of the thesis.
The copyright holder of the pre-publication is Elsevier, and the cited parts are reprinted
with permission. The publication can be found under the following reference:
Feyerabend, M., Simon, S., Motschmann, U., Liuzzo, L., 2015, Filamented ion tail struc-
tures at titan: A hybrid simulation study, Planetary and Space Science, 117, 362-376,
ISSN 0032-0633, http://dx.doi.org/10.1016/j.pss.2015.07.008
4.1 Introduction
Since its arrival at Saturn in 2004, the Cassini spacecraft has performed more than 100
flybys of Titan. Most of these flybys were aimed to pass Titan at low altitudes within 1 RT
to study its ionospheric structure. The number of flybys which actually passed through
Titan’s tail, i.e., the population of pickup ions and/or the magnetic wake downstream of
Titan, with a closest approach altitude (C/A) larger than 1 RT is much smaller. Simon
et al. (2014) identified 19 encounters that are potentially suitable to study Titan’s plasma
tail at intermediate altitudes between 1 RT and 5 RT .
One interesting finding of the mid-range tail flybys were the so-called ’split signatures’
(Coates et al. (2007b), Modolo et al. (2007b)), during the T9 (C/A at 4 RT on 26 Decem-
ber 2005), T63 (C/A at 1.9 RT on 12 December 2009) and T75 (C/A at 3.9 RT on 19 April
2011) encounters (Coates et al. 2012). This term denotes the subsequent detection of two
spatially separated regions downstream of Titan that are populated by cold pick-up ions.
The detection of the split signatures was surprising, since it was expected that Cassini fly-
bys that penetrate through Titan’s downstream tail region would show at maximum one
signature of escaping ions that originate from Titan’s ionosphere. The trajectories of these
flybys, with indications of the location of the split signatures, are shown in Figure 4.1.
Ion and electron spectra presented for T9 by Coates et al. (2007b), Szego et al. (2007) and
Modolo et al. (2007b) showed the detection of cold ions and electrons of ionospheric ori-
gin in two spatially separated segments along the T9 trajectory (see Figure 4.2). The ion
compositions differed as well between the two segments, with heavy ions (mass-to-charge
ratio m/q = 16 and 32) dominating during the first segment and light ions (mass-to-charge
ratio m/q = 1 and 2) dominating during the second segment (Coates et al. (2007b), Szego
et al. (2007)). Szego et al. (2007) suggested that the second event was part of the distant
pick-up tail of Titan and that during the first event ions were escaping along magnetic field
lines due to the specific magnetic background geometry. Coates et al. (2007b) identified
ionospheric particles in both events and suggested that the source of the ions in the second
event was located on the nightside of Titan and at higher altitudes. Sittler et al. (2010)
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Figure 4.1: Projections of the T9, T63 and T75 flyby trajectories onto the planes of
the TIIS coordinate system. The colored intervals along the trajectories in the xy plane
indicate the locations of the split signatures according to Coates et al. (2012). T9 and
T75 occurred in Titan’s equatorial plane, with nearly identical trajectories. T63 took
place slightly north of Titan’s equatorial plane. The flyby direction was the same for all
encounters, indicated by the black arrows.
explained the second event as light ions that were picked up by draped field lines near
the induced magnetopause boundary. Similar split signatures have also been reported for
the T63 (see figure 4.3) and T75 encounters by Coates et al. (2012). However, for both
of these flybys the individual filaments of the split tail contained an admixture of heavy
(m/q = 16 and 28) and light (m/q = 1 and 2) ions, in contrast to T9. The authors also
used Cassini Plasma Spectrometer (CAPS) data to constrain plasma escape rates for each
flyby and concluded that Titan’s ionosphere loses about 7 tonnes of mass per Earth day.
Magnetic field observations from the T9 encounter (Bertucci et al. (2007)) showed that
Titan was located below Saturn’s magnetodisk, i.e., the magnetic field possessed signif-
icant components oriented towards Saturn and along the corotational flow direction (see
also Bertucci et al. (2009)). By identifying the position of the neutral region between Ti-
tan’s magnetic lobes, Bertucci et al. (2007) concluded that the upstream flow was pointing
away from Saturn at an angle of 36◦. However, other authors suggested a number of dif-
ferent values for the direction of the upstream flow (Modolo et al. (2007a), Szego et al.
(2007), Coates et al. (2012)). Sittler et al. (2010) investigated CAPS data from T9 and
suggested that the upstream plasma flow consisted mainly of light (H+, H+2 ) ions. The
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Figure 4.2: Combined plot of ion and electron observations during the T9 flyby. The
first panel shows the observed electron- and the second panel the ion spectra. The third
panel shows the derived electron density. Panel four and five show the derived densities
and velocities for ions with masses 1,2,16 and 28 amu. Only the light species ions were
detected during the second event. Figure from Coates et al. (2012)
upstream flow during T63 and T75 was approximately corotational (Coates et al. (2012)).
By applying a hybrid model (kinetic ions, fluid electrons), Modolo et al. (2007a) were able
to reproduce the locations of the split signatures measured by the Langmuir Probe in the
electron densities during T9. They needed an upstream plasma with a high mass density
(O+ component with n(O+) = 0.2 cm−3, as suggested by Neubauer et al. (1984)) in order
to do so. Hybrid modeling by Kallio et al. (2007) showed that the magnetic field mea-
surements during T9 can only be explained if the upstream plasma possesses such a high
mass density. Hybrid modeling by Simon et al. (2007c) showed that the magnetic field
topology measured during the T9 encounter is very robust against changes of the iono-
spheric SUV production rate and that a rotation of the ambient flow direction away from
Saturn by 34◦ gives good agreement with the observed magnetic data. Ma et al. (2007)
showed that applying a Hall-MHD model is suitable to reproduce magnetic perturbations
seen during the flyby. These authors also showed that without a heavy upstream plasma
component (16 amu) the magnetic data cannot be reproduced. However, their model did
not succeed in generating the split signature and showed only a single peak in the electron
density that was located in-between the two segments of the split tail.
Subsequently, Lipatov et al. (2012) applied a hybrid model with an upstream plasma con-
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Figure 4.3: Combined plot of ion and electron data during the T63 flyby. The third panel
shows the derived electron density. Panel four and five show the derived densities and
velocities for ions with masses 1,2,16 and 28 amu. Both heavy and light ion species were
detected in the split signature. Figure from Coates et al. (2012)
sisting only of H+ ions and showed that using a high density (n(H+) = 0.1 cm−3) plasma
or a low density (n(H+) = 0.02 cm−3) plasma with high beta produces similar results for
the T9 flyby. They were able to quantitatively reproduce the ion densities measured in the
first event; however, their modeling produced a higher density during the second event
and no density gap in-between the two events. Their model also failed to simultaneously
reproduce the magnitudes and locations of the magnetic draping signatures.
However, Lipatov et al. (2012) assumed that the incident magnetospheric ions moved at
super-corotational speed (∼ 125% the nominal corotation speed at Titan), which is in-
consistent with the ambient magnetic field observations during T9. During this flyby
the magnetometer detected a field line orientation that was swept back with respect to a
strictly corotating meridional plane (i.e. B0,x > 0, B0,y > 0 in TIIS coordinates). Ac-
cording to Bertucci et al. (2009) and Simon et al. (2010) (see Figure 4 in that work), this
implies that the incident plasma was in a state of subcorotation.
Several authors proposed that the split signatures seen in Titan’s tail region during T9 may
be related to non-stationarities or in the incident magnetospheric flow conditions on the
length and time scales of the encounter (Modolo et al. (2007a), Bertucci et al. (2007)).
However, the subsequent detection of these features during T63 and T75 suggests that
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the split signatures may indeed be a more common feature in Titan’s plasma interaction
region. The non-detection of these split signatures during numerous tail crossings may
imply that the individual filaments of the split tail are quite narrow in diameter. This sug-
gests that it might be fairly easy for Cassini to simply ‘miss‘ these signatures during an
encounter. So far the split signatures detected during the T63 and T75 encounters have
not been the subject of any modeling.
In this chapter, we therefore conduct a systematic study of the split signatures in the ion
densities downstream of Titan, focusing especially on the dependency of the locations,
densities and extensions of the individual tail filaments on Titan’s orbital position and the
incident magnetospheric flow conditions. We are more interested in understanding the
physics behind these split signatures than in reproducing the details of the observations.
For all three flybys during which Cassini detected a split signature in Titan’s tail, the
incident magnetospheric flow conditions are poorly constrained. Especially for T9, con-
flicting information on the incident plasma composition and flow direction can be found
in the literature (cf. Kallio et al. (2007), Modolo et al. (2007a), Sittler et al. (2010), Coates
et al. (2012)). As opposed to exploring the vast parameter space of upstream conditions
to achieve the best possible agreement with the data as other studies have done (Kallio
et al. (2007), Simon et al. (2007c), Modolo et al. (2007a), Lipatov et al. (2012)), we rather
focus on a few simple scenarios that permit straightforward access to the physical mech-
anisms leading to the generation of the split tails.
This chapter is structured as follows: in Section 4.2 we describe the different simulation
setups that are considered for this part. The results of our model runs are presented in
Sections 4.3 to 4.5, along with a discussion of their implications for Cassini observations
in Titan’s tail region. Our major findings are briefly summarized in Section 4.6.
4.2 Simulation Setup and Numerical Parameters
In our simulations we use a box with an extension of 20RT × 20RT × 20RT , where the
center of the box coincides with the center of Titan. A hierarchical grid with one level of
refinement is used, the spatial resolutions of which are L0 = 0.25RT and L1 = 0.125RT .
The region of high refinement is located within a cube of 2RT × 2RT × 2RT around the
center of Titan, containing the ionosphere. In all simulation runs, we use two magneto-
spheric upstream species, O+ and H+, with n(O+) = 0.2 cm−3, n(H+) = 0.1 cm−3. The
upstream flow direction is always corotational. The upstream species are initialized with
40 particles in every cell at the beginning and at the outer boundaries during the simula-
tions. The inner boundary is set to 1000km above the surface during all runs. If a particle
reaches the inner boundary, it is removed from the simulation. The plasma parameters
for the simulation runs presented in this chapter are summarized in Table 4.1. To permit
straightforward access to the physics of the split signatures in Titan’s tail, we first con-
sider an idealized geometry, where the upstream flow direction is aligned with the x-axis
and the ambient magnetic field is aligned with the −z axis (Run #1 in table 4.1). In the
literature, this setup is often referred to as the ‘Voyager 1 scenario‘ of the Titan interaction
(Simon et al. (2009a)).
For the T9 case (Run #2 in Table 4.1) there has been a lot of discussion about the di-
rection and composition of the upstream plasma flow. While the consensus was that the
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Quantity Symbol Run #1 Run #2 Run #3
Local Time LT 18:00 3:00 17:00
Latitude of Subsolar point SSL [◦] 0 -19.06 -2.04
Upstream magnetic field vector B0 (0,0,-5) (3.73,4.7,-2.15) (0.05,-0.33,-4.48)
Upstream magnetic field strength B0 [nT] 5 6.37 4.49
Number density of upstream O+ n0,O+ [cm−3] 0.2 0.2 0.2
Number density of upstream H+ n0,H+ [cm−3] 0.1 0.1 0.1
Upstream plasma bulk velocity U0 [km/s] 120 120 120
Alfvénic Mach number MA 1.96 1.54 2.22
O+ gyration period Ω−10 [s] 33 26 37
Table 4.1: Plasma parameters of the simulation runs.
flow deviated from the corotational direction, a number of different values for the angle of
this deviation have been proposed in numerical and observational studies (Bertucci et al.
(2007), Modolo et al. (2007b), Szego et al. (2007)). Also, Kallio et al. (2007), Simon
et al. (2007c) and Ma et al. (2007) showed that in order to explain the magnetic signatures
which were observed during T9, an upstream plasma with a high mass density (∼ 10−1
amu/cm3) is needed, in contrast to observational studies that showed no evidence of heavy
ions (O+) in CAPS data (Sittler et al. (2010), Coates et al. (2012)). Considering the typical
electron number densities observed at Titan’s orbital position (on the order of 10−2 cm−3,
cf. Arridge et al. (2011a)), such high mass density cannot be achieved by a plasma only
consisting only of H+ and H+2 .
In summary, CAPS and MAG observations do not provide a consistent picture of the mag-
netospheric flow parameters during T9, and even different studies of CAPS data suggest
conflicting values for the vector u0. Again, we are more interested in investigating the
physics of the split signatures rather than in reproducing flyby data, and therefore restrict
ourselves to a corotational upstream flow direction with the same upstream composition
as in the Voyager scenario, i.e. n0,O+ = 0.2cm−3 and n0,H+ = 0.1cm−3 for all simulations
(see Table 4.1). This upstream composition was also used by Kallio et al. (2007) and
Simon et al. (2007c) to explain magnetometer data from T9. We also note that a statistical
study of CAPS data from numerous crossings of Titan’s orbit found the average radial
and north-south components of the upstream flow direction to be negligible, compared to
the azimuthal component (Arridge et al. (2011a)) at the location of Titan (see Table 6 in
that work).
During T63 and T75, Titan’s environment was distorted by the moon’s proximity to Sat-
urn’s magnetodisk current sheet (Simon et al. (2013), Smith and Rymer (2014)). The
magnetic signature of Titan’s interaction during T63 and T75 was therefore partially ob-
scured by magnetospheric fluctuations, whereas T9 was clearly located in the southern
lobe of Saturn’s magnetodisk. The chosen background magnetic field vector for T63 is
therefore strongly dependent on the averaging intervals and not well constrained, whereas
for T9 the background magnetic field has a far more quiet structure.
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1Figure 4.4: Plasma quantities in the y = 0 plane for Run #1: (a) Magnetic field strength,
(b) Bx component (c), Total velocity magnitude |ui| (Eq. 3.6), (d) Ionospheric L+ density,
(e) Ionospheric M+ density, (f) Ionospheric H1+ density. Quantities in x = 6 RT plane: (g)
Ionospheric L+ density, (h) Ionospheric M+ density (i), Ionospheric H1+ density. Arrows
indicate velocities of respective ion species (u j) or the quantity itself (B, ui).
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strength, (b) Bx component, (c) Total velocity magnitude |ui|, (d) Ionospheric L+ density,
(e) Ionospheric M+ density, (f) Ionospheric H1+ density. Arrows indicate velocities of
respective ion species (u j) or the quantity itself (B, ui).
4.3 Run #1: Voyager-type upstream conditions
First we look at the ‘canonical‘ Voyager scenario (Run #1 in Table 4.1). In this run, the
dayside ionosphere coincides with the ramside of the moon and the convective electric
field points in the −y direction. Important upstream plasma quantities and the densities of
the L+, M+ and H1+ species are plotted in Figure 4.4.
Panel 4.4(a) shows the magnetic field strength with a pileup upstream of Titan of ∼8 nT
(undisturbed value B0 = 5 nT) and a decreased field in the magnetic wake downstream of
Titan with a value ∼3.5 nT. The draping of the magnetic field is seen in the Bx component
in panel 4.4(b), where the Bx component is negative in the northern lobe and positive in
the southern lobe, reaching values of ±3.25 nT (from B0,x = 0). The draping is symmetric
with respect to z = 0 in this plane. As can be seen from panel 4.4(c), the plasma velocity
|ui| is greatly reduced from its upstream value of u0 = 120 km/s to a few m/s in the vicinity
of Titan, starting at x ≈ −4. The region of reduced flow speed possesses an extension of
up to 8 RT along the z axis, due to collisions and mass-loading of cold ionospheric ions.
Compared to our previous simulations (e.g., Simon et al. (2006b)), the effective size of the
obstacle is increased by about ∼2-3 RT due to the large region around Titan where slow
ionospheric ions reduce the mean plasma velocity, leading to a broader and more diffuse
pileup and draping pattern of the magnetic field. Panels 4.4(d)-(f) show the structure of
the ionospheric tail in the plane parallel to the background field B0, revealing a different
behavior between the light species (L+) and the heavy species (M+, H1+). The light ion
species in panel 4.4(d) shows a symmetric split tail in the y = 0 plane with four escape
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paths near Titan (x < 6 RT ) and only three further away downstream (x > 6 RT ). The
split tail consists of two outer filaments visible at z = ±5 RT and two inner filaments at
z = ±2 RT , which merge into a single tail along z = 0 with densities comparable to or
larger than the upstream plasma density. The two outer filaments have a thickness of less
than 1 RT in z direction and become more diffuse with increasing distance to Titan. The
heavy species in panels 4.4(e),(f) show two broader filaments (thickness 1-2 RT ) which
merge at a similar distance in the z = 0 plane. These structures correspond to the inner
filaments seen in the L+ species, but no outer filaments are formed.
The formation of the outer filaments in the light species can be understood as follows:
Due to the electron pressure gradient force pointing away from Titan, newly generated
ions are accelerated radially away from the moon. A fraction of these ions then move
along the draped magnetic field lines and escape into the region of Titan’s magnetic lobes
as they are transported downstream, which produces the two outer filaments at z = ±5
RT in the density pattern of the light ion species (L+). The heavier ionospheric species
(panels 4.4(e),(f)) are in principle susceptible to the same escape mechanism. However,
since the light neutral species has a larger scale height than the heavy species (HH2 ∼ 300
km compared to HN2,CH4 ∼ 70 − 90 km ), the region where light L+ ions are produced
penetrates deeper into the region of draped field lines than the region where M+ and H1+
ions are produced. Therefore the fraction of light ions escaping along the draped field
lines is much larger than the fraction of intermediate (M+) and heavy ions (H1+). For this
reason the two outer filaments are absent in the density patterns of the heavier species
(panels 4.4(e),(f)).
The ions generated at lower altitudes form the two inner filaments, which are seen in all
ionospheric species. Since the ion production rates of the heavy species are at least one
order of magnitude higher than that of the light ions, the inner filaments of the heavy
species (panels 4.4(e),(f)) have a higher density (factor ∼ 10) and are broader (1 − 2 RT
compared to less than 1 RT ). The inner filaments are mainly associated with the transport
of ions from the ramside towards downstream, i.e. these filaments first ‘drape‘ around
Titan and are then focused into the magnetic wake, merging to a single tail at a certain
distance (at x ∼ 6 − 7 RT in this simulation) along the x-axis in the z = 0 plane. This
yields a triangular escape pattern in the y = 0 plane with a region of decreased density
inside(factor of ∼ 10 compared to the filaments). In Run # 1 the dayside ionosphere coin-
cides with the ramside (18 Saturnian Local Time), so that most of the ions are produced
at the ramside and have to pass Titan to reach the wake.
For the x = 6 RT plane, panels 4.4(g)-(i) depict the densities of the ionospheric species to
illustrate the extent and structure of the outer filaments perpendicular to the magnetic field.
In this plane, the outer filaments of the light L+ species in panel 4.4(g) have a parabolic
shape that cover the region of a half-circle (−2 RT < y < 4 RT and −4 RT < z < 4 RT ), and
are discontinuous perpendicular to the magnetic field (along z = 0 RT , cf. panel 4.4(g)).
They have a thickness of less than 1 RT , which is the same extension as already seen in the
y = 0 plane of panel 4.4(d). The outer filaments are mostly seen on the Saturn-facing side
(y > 0 RT ). On the Saturn-averted side (y< −2 RT ) no parabolic filament structure can be
identified, since the pick-up motion of the ions is going into that direction, as can be seen
by the asymmetry in the ion density distribution towards y < 0 in panels 4.4(g)-(i). Since
the outer filaments of the light L+ species have a small thickness and are mainly located
in planes that are defined by the unperturbed convective electric field E0 = u0 × B0, it
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would be easy for a spacecraft to miss them. For the Voyager-type upstream conditions
just discussed, a spacecraft would have needed to move mainly in the z direction to be
able to detect the outer filaments of the light species. Spacecraft trajectories that are not
roughly aligned with the magnetic background field B0 cannot observe both of the split
tail filaments, only one part of them.
The quantities for the equatorial z = 0 plane are shown in Figure 4.5. The magnetic field
pile up shown in panel 4.5(a) is shifted towards y < 0 (see also Simon et al. (2006b)). No
draping pattern can be seen in the Bx component in panel 4.5(b), since the z = 0 plane
coincides with the neutral plane of the draped field. The area of decreased plasma veloc-
ity in panel 4.5(c) is also shifted towards y < 0, due to the cycloidal motion of pickup
ions into that direction. The pickup tail of the L+, M+ and H1+ species is seen in panels
4.5(e)-(f). Newly generated ions escape on cycloidal trajectories in the direction of the
convective electric field, forming an asymmetric structure in the equatorial plane due to
the large gyro radii which are on the order of several Titan radii. In this plane the tail
also exhibits filament-like structures: Similar to the y = 0 plane, the transport of ions
from Titan’s ramside to the wakeside generates a similar triangular region of decreased
density downstream of the moon as seen in panels 4.4(d)-(f). However, this structure is
asymmetric with respect to the direction of the convective electric field, i.e. it is frayed
out.
Thus, the ionospheric tail of Titan possesses a quite complex structure. The densities in
Titan’s pick-up tail are not homogeneous, but the ion escape mainly takes place in several
narrow, filament-like channels. In the y = 0 plane (i.e. the plane defined by E0), the tail is
symmetric with respect to z = 0 and consists of four segments near Titan. Along the outer
edges, only light (2 amu) ions escape into the magnetic lobes. These outer filaments ex-
hibit a parabolic shape in directions perpendicular to u0. However, the largest fraction of
all species escape in two inner filaments from the dayside to the nightside and is focused
into the magnetic wake at z = 0.
Filamentation of the ionospheric tail is also seen in the z = 0 plane (defined by n = B0),
however here the tail structures are asymmetric (shifted towards y < 0) due to the large
gyro radii of the pick-up ions. Combined, the inner filaments which are associated with
the transport of ions from the ramside to the wakeside form a cone structure behind Ti-
tan, pointing towards downstream. The surface of the cone consists of the inner filaments
and inside the cone the density of the ionospheric species is decreased compared to the
surface. The apex of the cone is the point downstream of Titan, where the inner filaments
merge to a single tail. Towards the direction of the convective electric field, the cone is
‘open‘, or frayed out. It is therefore possible to find trajectories that penetrate through
different parts of the filament structures, leading to the detection of split signatures in the
ion densities.
4.3.1 Run #1: Collisions and ∇Pe removed
Now we consider the same upstream conditions as in Run #1, but this time with colli-
sions and ∇Pe term removed from the simulation. Apart from the more sophisticated
ionosphere model, this setup is similar to what was done in our preceding studies (Simon
et al. (2006b, 2007b)). We plot the same selection of quantities as in the previous section,
for the y = 0 plane in Figure 4.6 and the equatorial z = 0 plane in Figure 4.7.
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1Figure 4.6: Plasma quantities in the y = 0 plane for Run #1 with collisions and ∇Pe term
removed. (a) Magnetic field strength, (b) Bx component, (c) Total velocity magnitude, (d)
Ionospheric L+ density, (e) Ionospheric M+ density, (f) Ionospheric H1+ density. Arrows
indicate velocities of respective ion species (u j) or the quantity itself (B, ui).
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removed. (a) Magnetic field strength, (b) Bx component, (c) Total velocity magnitude, (d)
Ionospheric L+ density, (e) Ionospheric M+ density, (f) Ionospheric H1+ density. Arrows
indicate velocities of respective ion species (u j) or the quantity itself (B, ui).
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With no collisions and no ∇Pe term in the electric field equation, the overall plasma in-
teraction is confined to a narrower region than before, since the ionosphere is no longer
inflated by the pressure gradient term and thus, the effective size of the obstacle is much
smaller. This is indicated by the region of reduced plasma velocity around Titan in panel
4.6(c), which is by a factor of ∼ 2 smaller than in the previous run (panel 4.4(c)). With no
collisions and the ∇Pe term removed, the magnetospheric ions are not slowed down in Ti-
tan’s neutral atmosphere, and the cold ionospheric ions are not accelerated radially away
from Titan, so that the region of decreased plasma velocity around Titan is not inflated.
Bagdonat (2005) found a similar impact of the pressure gradient term in hybrid simula-
tions of the solar wind interaction of comet 67P/Churyumov-Gerasimenko. This author
showed that the pressure gradient term tends to extend the region of high heavy ion den-
sity around the comet, thereby also increasing the size of the region where the Solar Wind
is deflected and decelerated.
Consequently, the pileup of the magnetic field in panel 4.6(a) is slightly increased with ≈ 9
nT compared to before (≈ 8 nT) due to the more pronounced draping of the magnetic field
around Titan. The outer filaments of the light species vanish (panel 4.6(d)) since no ions
are accelerated radially away from the moon, i.e. the region at Titan’s ramside where the
region of slow ionospheric particles intersects the draped magnetic field is much smaller
than in the preceding case. The cone structure formed by the inner filaments is not visible
anymore (panels 4.6(d)-(f)), as the ions generated on the ramside pass Titan at a much
closer distance and the two streams merge immediately downstream of Titan into a single
narrow tail. The tail formed by the heaviest species shows some tendency to split up at
large distances to Titan: the only split tail structure that can be identified here is confined
to the equatorial plane, where one filament is filling the magnetic wake (at y = 0 in panels
4.6(d)-(f), and another filament (panels 4.6(e),(f)) is seen on the y < 0 side, associated
with the cycloidal motion of the pick-up ions. However, there is no Cassini flyby that
could confirm the existence of this feature.
4.4 Run #2: T9-type upstream conditions
During T9 the background magnetic field possessed large positive B0,x and B0,y com-
ponents (Table 4.1) due to Titan’s location below Saturn’s magnetodisk (Bertucci et al.
(2007)). The field lines were swept back due to the corotation lag (Simon et al. (2010))
and were bent towards Saturn. Since the corotational upstream flow is no longer per-
pendicular to the magnetic background field, the neutral sheet between Titan’s magnetic
lobes becomes curved, i.e. the magnitudes and extensions in the moon’s northern and
southern magnetic lobes are no longer symmetric. In addition, the asymmetry that arises
from to the large gyro radii (Simon and Motschmann (2009)) is still present. An overview
of the upstream geometry and the orientation of important planes in TIIS coordinates is
provided in Figure 4.8. Since the upstream magnetic field is not aligned with the z-axis
anymore, the tail as a whole is rotated, i.e. the quasi-cycloidal structures of the pick-up
ions are not confined to the equatorial z = 0 plane as in the Voyager case (Run # 1), but
instead to the inclined plane which is defined by the normal vector B0 (cf. Figure 4.8(b)).
In Figures 4.9(a)-(f) we show the plasma quantities in the plane perpendicular to the mag-
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Figure 4.8: (a) Upstream geometry of u0, B0 and E0 during the T9 encounter in the TIIS
coordinate system. (b) Orientation of the inclined planes defined by B0 (cyan plane) and
E0 = −u0 × B0 (brown plane) in the simulation box.
netic field, i.e., the plane defined by the normal vector n = B0 (cyan plane in Figure
4.8(b)). This inclined plane includes an angle of about 42◦ with the y = 0 plane, which is
why the sections in panels 4.9(a)-(f) have a non-quadratic shape. Also note that the drift
velocity E0 × B0 is not parallel with u0 (corotation) in this run, instead it also possesses
components that are aligned with −z and −y. Panel 4.9(a) shows the asymmetric pileup
and wake structure, which is similar to Figure 4.5(a). The Bx component of the magnetic
field in panel 4.9(b), however, does not indicate the neutral plane of the draped magnetic
field anymore as in Figure 4.5(b), because of the rotated magnetic background. As ex-
pected, the asymmetric tail structures of the ionospheric species are seen in the plane
perpendicular to the magnetic field (cf. panels 4.9(d)-(f)). Filaments (1-2 RT thickness)
are visible at z ≈ ±3 RT , as well as smaller filaments (thickness less than one RT ) for the
M+ and H1+ species on the edge of the pick-up structures (towards z < 0). However, no
real cone structure is seen, as the filaments do not merge into a single tail similar to the
plots in panels 4.5(d)-(f).
A cut through Titan’s ionospheric tail at x = 6 RT is plotted in panels 4.9(g)-(i). Com-
pared to the plots from Figure 4.5(g)-(i) the filament structure is similar, but they are
rotated clockwise by ∼ 70◦, which is roughly the angle between the T9 magnetic field and
north-south magnetic field used in the Voyager scenario. The light L+ species shows the
outer filament structures at y = ±5 RT in panel 4.9(g), which are again asymmetric with
respect to the direction of the pickup cycloids.
Figures 4.10(a)-(f) show the plasma quantities in the equatorial z = 0 plane, which is
identical to the plane of the T9 trajectory (cf. Figure 4.1). The draping pattern in panels
4.10(a) and (b) is asymmetric since the upstream magnetic field and flow direction are not
perpendicular to each other (Simon and Motschmann (2009)). Panels 4.10(g)-(i) depict
the densities of the ionospheric species in the plane defined by the convective electric field
E0 = u0×B0 (cf. brown plane in Figure 4.8(b)), i.e., in the plane where the split structures
are most pronounced corresponding to the y = 0 plane in the Voyager Run # 1. For the
selected set of upstream parameters, this plane is roughly coincident with the z = 0 plane,
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1Figure 4.9: Plasma quantities for Run #2 (T9) in the plane perpendicular to B0 (cyan
plane in Figure 4.8(b), axes are scaled in units of RT ): (a) Magnetic field strength, (b) Bx
component, (c) Total velocity magnitude, (d) Ionospheric L+ density, (e) Ionospheric M+
density, (f) Ionospheric H1+ density. Cut through the x = 6 RT plane: (g) Ionospheric
L+ density, (h) Ionospheric M+ density, (i) Ionospheric H1+ density. Arrows indicate
velocities of respective ion species (u j) or the quantity itself (B, ui).
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1Figure 4.10: Plasma quantities for Run #2 (T9) in the equatorial z = 0 plane: (a) Mag-
netic field strength, (b) Bx component, (c) Total velocity magnitude, (d) Ionospheric L+
density, (e) Ionospheric M+ density, (f) Ionospheric H1+ density. Inclined plane defined
by E0 = u0 × B0 (brown plane in Figure 4.8(b)): (g) Ionospheric L+ density, (h) Iono-
spheric M+ density, (i) Ionospheric H1+ density. Arrows indicate velocities of respective
ion species (u j) or the quantity itself (B, ui).
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but is slightly rotated counter-clockwise around the x-axis by an angle of ∼25◦. As we
can see in panels 4.10(d)-(i), the tail is tilted with respect to the upstream flow direction
u0.
The split tail of the light L+ species can be seen in both of these planes (cf. panels 4.10(d)
and (g)). However, we do not see a clear four-filament structure as in Run # 1; only three
filaments can be identified in these plots. The region of decreased density between the
two outer filaments of the light L+ species in panels 4.10(d) and (g) has a diameter of up
to 7 RT , which is equivalent to 50 minutes of travel time for typical Cassini velocities near
Titan (6 km/s). As we would expect, the split tail is most pronounced in the plane that
includes both B0 and u0 (cf. panel 4.10(g)), where it reaches the downstream boundary
of the simulation box. In the equatorial z = 0 plane (panel 4.10(d)), however, only the
Saturn-facing filament reaches the wakeside boundary of the simulation box, whereas the
Saturn averted filament bends out of this plane much closer to Titan. This information
can be used to obtain an estimation of the length of these parabolic filaments in the plane
that contains E0 and B0. If we consider a point (e.g. (5,-7,0)RT ) where the Saturn-averted
filament breaks off in panel 4.10(d) and the angle between the two planes (25◦), by using
simple geometry we derive an upper limit of ∼3 RT on the half width of these filaments
in this plane, which is a good approximation if we compare it against the cut through the
tail in panel 4.10(g).
On the Saturn-facing side (y > 0) the filaments are slightly thicker and more dense, com-
pared to the Saturn-averted (y < 0) side. Since the upstream flow is corotational (from
−x to +x) and the draped magnetic field lines are more aligned with the upstream flow
in the y > 0 half space (see panel 4.10(a)), it is ‘easier‘ for the ions to move into the
Saturn-facing segment of the tail. The local time of the encounter further enhances this
effect, since Titan’s dayside ionosphere during T9 is located in the middle of the +x + y-
quadrant (the orbital position of Titan was at 3 LT, so the terminator line is at a 45◦ angle
with the x- and y-axis in TIIS coordinates, cf. panel 4.8(a)). This means more ions are
produced on the Saturn-facing side (dayside) than on the Saturn-averted side (nightside)
of Titan. Based on the picture from Figure 4.4(d), it seems that the upper outer and inner
filaments of the light species merged (from the symmetric case) into one larger filament
due to the asymmetric upstream geometry in combination with the location of the dayside
ionosphere during T9.
Let us now look at the ion densities of the L+ and M+ species along several hypotheti-
cal trajectories as well as along the T9 trajectory, plotted in Figure 4.11, to understand
the densities in the tail from a spacecraft point of view. Density profiles of the heavy
species H1+ are not shown, as they are very similar to the densities of the M+ species.
The hypothetical trajectories are all parallel to the y-axis and have different fixed x and z
coordinates, therefore representing potential observations in different regions of the tail.
The exact same trajectories are chosen for both species. It should be noted that selecting a
trajectory through a different part of the tail can be equivalent to a change in the upstream
geometry, i.e., it does not matter if we change the orientation of Titan’s tail or the trajec-
tory.
For a corotational flow, we do not see a clear split signature in the ion densities along the
T9 trajectory (Figure 4.11(c), which also shows the T9 CAPS ion data); instead, a broad
profile with two small spikes for the heavy species and four spikes for the light species
is observed. However there are no significant gaps in-between those spikes, except in the
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Figure 4.11: Densities of the (a) L+ and (b) M+ species in the T9 run for different tra-
jectories which are parallel to the y-axis. Black: x = 4 RT , z = −2 RT ; Green: x = 2
RT , z = 0; Red: x = 8 RT , z = −4 RT ; Blue: x = 6 RT , z = 2 RT . (c) Densities of the
L+ (solid), M+ (dashed), H1+ (dot-dashed) species along the T9 trajectory. Also shown
are the measured CAPS ion densities: Green m/q=2, Red: m/q=16, Orange: m/q=28 (cf.
Coates et al. (2012)).
profile for the light species at 19:20. As can be seen in Figure 4.11(a) and (b), it is easily
possible to find spacecraft trajectories that show split features of varying sharpness, as
well as trajectories that show only a single tail crossing. Looking at the densities plotted
in red (trajectory located far downstream and south of the equatorial plane) both species
show a double-peak, while in between the two peaks the densities fall below 0.001 cm−3
(less than 1% of the background density in our simulation). Compared to the CAPS mea-
surements as indicated in Figure 4.11(c), this trajectory would therefore have the density
gap between the two spikes at roughly the observed location. For the densities plotted in
blue (trajectory located north of the equatorial plane and closer to Titan) the light species
L+ shows a triple peak structure and no longer drops to zero, which corresponds to the
filaments seen in Figures 4.10 (d) and (g), while the heavy species shows no split feature.
The black and green lines correspond to trajectories that are located even closer to Titan
and slightly north of (black line) or in the moon’s equatorial plane (green line). Neither
the light nor the heavy species show a split tail along these trajectories.
As is shown in Figure 4.11, depending on the location of the spacecraft in Titan’s tail,
there are indeed trajectories which show the split tail feature in the densities of one or
more species, although for the T9 trajectory itself we do not see a clear split signature.
The upstream flow parameters and the location of the dayside ionosphere with respect
to the incident flow direction influences the position and densities of the filament struc-
tures. Asymmetries or fluctuations in the upstream flow parameters can therefore further
enhance or displace the filaments. Based on our simulation results, the T9 observations
can be qualitatively explained by Cassini first penetrating the Saturn-facing (dense) fila-
ment, which we see in all ionospheric species, and subsequently passing through the outer
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Figure 4.12: Densities of the (a) L+, (b) M+ and (c) H1+ species in the z = 1.5 RT plane
for T63. Arrows indicate velocities of the respective ion species. The black line shows the
T63-trajectory, with the intervals of the observed split signatures marked in red. Cassini
moved from y > 0 towards y < 0 during T63.
Saturn-averted filament of the light species. This would explain the observed composi-
tion (first interval both heavy and light ions, second interval only light ions, cf. Figure 2
of Coates et al. (2012)) in the split signatures during the T9 encounter. It also explains
why the measured densities were higher during the first event (on the Saturn-facing side),
compared to the second event. This is because of the much higher ion production rate for
the heavy species compared to the light species and the fact that the dayside ionosphere
was located mainly on the Saturn-facing side as well.
4.5 Run #3: T63-type upstream conditions
During the T63 encounter, the background magnetic field was highly variable, possess-
ing a north-south component with superimposed perturbations in the By component due
to strong north-south oscillations of Saturn’s magnetodisk current sheet (see Figure 2 of
Simon et al. (2014)). The average magnetic background vector we find from this data set
mainly pointed in the north-south direction (B0 = (0.05,−0.33,−4.48)), because the By
oscillations cancel out during the time-averaging process (averaging interval of 2 hours,
each before and after Cassini entered the Titan interaction region). The upstream flow
u0 pointed in the corotational direction during this flyby (Coates et al. (2012)). Since we
chose the same upstream flow composition as in Run #1 (Voyager scenario, Table 4.1),
the resulting upstream geometry is nearly identical compared to the previously discussed
Voyager scenario (Section 4.3). The local time of the T63 encounter was at 17:00, so
that the dayside ionosphere is approximately on the ramside of the moon (similar to Run
#1 , where the local time was 18:00). The results for the T63 encounter are therefore
very similar as those for the Voyager scenario. However this is only because of the rough
north-south approximation for the magnetic field, that does not take into account the high
level of ambient magnetospheric variability.
Compared to T9, the trajectory of Cassini during T63 (see Figure 4.1) was much closer
(C/A at altitude 1.9 RT ) to Titan. Instead of taking place in the equatorial z = 0 plane, the
trajectory was displaced by ∼ 1.5 RT in the positive z direction. Looking at the plots from
the Voyager case, cf. Figures 4.4(d)-(f) and 4.5(d)-(f), we expect to intersect parts of the
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cone structure that are related to the transport of ions from the ramside to the wakeside.
The geometry of T63 is also suitable to probe asymmetries between the Saturn-facing and
the Saturn-averted hemispheres due to the large gyro radii, since the flyby is located in a
plane perpendicular to the magnetic field in our simulation.
These structures are indeed seen in Figure 4.12, where the ionospheric densities from our
T63 simulation in the z = 1.5 RT plane are plotted. The spacecraft trajectory is shown
as well, with indications of the intervals where the split signatures have been measured
according to Coates et al. (2012) (also see Figure 4.1 in this work). As we can see, lo-
cated in the path of the spacecraft are at least two filaments (three for the L+ species) for
all three species with a diameter of 1.5-2 RT and densities of ∼ 10 cm−3. Note that the
observations during T63 showed heavy (16 and 28 amu) and light (1-2 amu) ions in both
events of the split signature, with densities < 10 cm−3 (Coates et al. (2012)), which is
consistent with our results here. However, in our simulation the positions of the filaments
do not coincide with the locations of the observations. This is likely because the station-
ary magnetic background field cannot represent the real magnetic fluctuations that were
observed during T63.
The filaments on the Saturn-facing side of the tail in panels 4.12(a)-(c) are due to the
transport of ions from the dense ionosphere on the ramside to the wakeside, the same as
on the Saturn-averted side where the filaments are broadened due to the gyration of the
ions in the y < 0 half space. In between the filaments formed by M+ and H1+ (see panels
4.12(b),(c)) the density is decreased, i.e., we see a cut through the cone structure explained
in Section 4.3, which is asymmetric in this plane (cf. panel 4.5(d)-(f)). The filament that
can be seen at y = 1 − 2 RT in panel 4.12 (a) belongs to the outer filament structure of the
light L+ species, which is also present in this slightly elevated plane (z = 1.5 RT , cf. panel
4.4(g)).
In summary, the split tail detection during the T63 encounter is well explained with the
theoretical picture of the tail structure established earlier, despite the large fluctuations of
the ambient magnetospheric field. At T63, Cassini crossed through the cone behind Ti-
tan, which arises from the transport of ions from the ramside towards the wakeside. The
outer filaments of the light species were probably not intersected during T63. However,
we again note that our model does not consider the oscillatory motion of Saturn’s magne-
todisk during T63, which may very well have affected the locations of the individual tail
filaments.
Figures 4.12(a)-(c) suggest that, under stationary upstream conditions, the positions of
the modeled filaments could be brought into agreement with the observations by a rota-
tion of the entire tail structure around the z-axis in a counterclockwise direction. Such a
rotation may be caused, e.g., by a strong component of the incident flow velocity towards
Saturn, or by fluctuations of the magnetic field as were observed during T63.
4.5.1 T75 split signatures
The T75 trajectory is almost identical to the T9 trajectory (cf. Figure 4.1), located far
downstream (C/A at 3.9 RT ) in the equatorial plane (z = 0). The ambient magnetospheric
field during the T75 encounter was heavily disturbed (even more so than during T63) by
multiple crossings of Saturn’s magnetospheric current sheet through Titan’s orbital plane,
near closest approach (cf. Figure 3 in Simon et al. (2014)). Under these circumstances,
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a simulation of this encounter (using a stationary background magnetic field) is not very
meaningful. However we have already shown that the filamentation of Titan’s tail is a
common feature. The fluctuations in the magnetic background field (corresponding to
rotations of the tail structures) may even be beneficial for a split tail detection (see also
Simon et al. (2014)). The changes in the magnetic field can sweep a single filament back
and forth over the spacecraft’s trajectory, making Cassini detect the same structure twice
or rotate additional filaments into the plane of the spacecraft trajectory.
4.6 Summary
In this chapter, we applied our hybrid model of Titan’s plasma interaction to obtain an
understanding of the split signatures which were detected in Titan’s tail during the T9,
T63 and T75 encounters. Our major findings are as follows:
• Spatial inhomogeneities and filamentation of Titan’s tail, which allow the detection
of split signatures along an appropriate flyby trajectory, are a common feature of
the moon’s plasma interaction. The filamentation is most pronounced in a plane
through the center of Titan which is perpendicular to the magnetic field as well as
in a plane that contains the center of Titan and B0 and u0.
• The collisional deceleration of the plasma, the strong density gradients near Titan
and the deflection of ions from the ramside around Titan are mainly responsible for
the observed filament structures. Ions of all species are accelerated radially away
from Titan due to the pressure gradient force and then escape along trajectories
aligned with the draped magnetic field. Similar to cometary plasma interactions,
the pressure gradient force leads to an increased size of the obstacle to the incident
plasma flow, which allows the filaments to separate from each other and to form the
cone structure as well as the outer filaments of the light species.
• Light ions (1,2 amu) escape along draped field lines into the magnetic lobes and
form the outer filaments of the split tail that have a crescent-like shape in the plane
perpendicular to u0. These filaments are most pronounced in a plane through the
center of Titan, containing u0 and B0 (i.e. the plane whose normal vector is E0). In
the direction of the convective electric field, these filaments are much less promi-
nent.
• Transport of ions from the ramside to the wakeside produces a cone structure behind
Titan: at the surface of the cone the ions are clustered into filaments with a thickness
of 1-2 RT , and inside of the cone the density is reduced. The cone’s apex denotes
the point where these filaments merge into a single plasma tail. This effect is seen
for all ionospheric species. In the plane perpendicular to the magnetic field, this
structure is asymmetric towards the direction of E0 = −u0 × B0, where it frays out
due to the cycloidal motion of the pick-up ions.
• The locations and densities of the filaments strongly depend on the upstream flow
parameters and the orientation of the dayside ionosphere with respect to the incident
flow. They are easy to miss by Cassini.
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• The T9 observations can be qualitatively explained by a crossing of Cassini through
the Saturn-facing filament of the cone structure in the first event, and a subsequent
crossing through the Saturn-averted outer filament of the light species in the second
event. The upstream magnetic field orientation during T9 was beneficial for the
detection of these filaments (flyby plane nearly coincident with the u0 × B0 plane,
where the outer filaments of the light species are most pronounced).
• The T63 observations are consistent with a crossing of Cassini through the cone
region. The detection of heavy ions in both events of the split signature supports
this further. For T75, a double-detection of the same tail filament is a possible
explanation, due to rotations of the tail by the large fluctuations in the ambient
magnetic field. Likewise, it is possible that those fluctuations simply rotated two
separate filaments into the spacecraft trajectory.
Although the Cassini Plasma Spectrometer ceased to operate in mid 2012 (Smith and
Rymer (2014)), future studies of possible split signatures in Titan’s tail can be performed
by using electron and ion data from the RWPS and INMS instruments. These instruments
have been used successfully in the past to identify interesting features of electrons and
outflowing ions in Titan’s upper ionosphere and the tail region (e.g. Edberg et al. (2010),
Westlake et al. (2012)).
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5 Titan in the Supersonic Solar Wind
The following chapter has been published in wide parts before submission of the thesis.
The copyright holder of the pre-publication is the American Geophysical Union, and the
cited parts are reprinted with permission. The publication can be found under the follow-
ing reference:
Feyerabend, M., S. Simon, F. M. Neubauer, U. Motschmann, C. Bertucci, N. J. T. Ed-
berg, G. B. Hospodarsky, and W. S. Kurth (2016), Hybrid simulation of Titan’s interaction
with the supersonic solar wind during Cassini’s T96 flyby, Geophys. Res. Lett., 43, 35-42,
http://dx.doi:10.1002/2015GL066848
5.1 Introduction
For average solar wind conditions, Titan is located within the outer regions of Saturn’s
magnetosphere (Bertucci et al. 2009), exposed to the subsonic Kronian magnetospheric
plasma. However, in times of enhanced solar wind dynamic pressure Titan may be lo-
cated in the magnetosheath or even upstream of Saturn’s bow shock, interacting with
shocked/unshocked solar wind plasma (see figure 5.1). However, out of the 117 Cassini
Figure 5.1: If the Solar wind dynamic pressure is enhanced above normal levels, Saturn’s
magnetopause gets pushed towards the planet and may cross Titan’s orbit. When Titan
is located near the noon sectors around 12 LT, it may therefore be embedded in Saturn’s
magnetosheath or even in the Solar wind in front of Saturn’s bow shock.
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flybys so far, only three took place while Titan was located in Saturn’s magnetosheath
during or prior to the encounter (Rymer et al. 2009, Simon et al. 2013). The first of
them was the T32 encounter on 13 June 2007. Magnetic field observations from this
flyby provided initial confirmation of the existence of fossilized magnetic fields in the
convection-dominated region of Titan’s ionosphere (Bertucci et al. 2008). Fossilized field
lines are ’trapped’ in the ionosphere between altitudes of 1800-1000km due to the low
plasma velocity of 0.1-1 km/s in this region, compared to ∼ 100km/s upstream of Titan
(Neubauer et al. 2006) (see section 2.4).
The second flyby that showed an ambient plasma environment belonging to the magne-
tosheath was the the T42 encounter on 25 March 2008. The magnetic field observations
of this encounter showed an unusually strong pileup of the magnetic field of up to 37 nT
near the closest approach, which is higher than found during any other flyby (before and
after T42) (Wei et al. 2011). Also the strongest magnetic field component in the pileup
region was the Bx component, which is incompatible with the draping signature of the
mainly southward oriented magnetic field that was observed upstream of Titan. Wei et al.
(2011) thus suggested that the strong pileup was caused by fossilized magnetic field flux
tubes from the magnetosheath that began to twist under the influence of a retreating mag-
netosphere.
Figure 5.2: The ionospheric peak electron density as a function of the Solar zenith angle
for all flybys from TA-T88. The T85 flyby, marked in red, shows the highest electron
density of all these flybys. The average peak electron density in Titan’s ionosphere is in
the range of 2500-3500 cm−3. The Figure from Edberg et al. (2013)
The third Titan flyby in Saturn’s magnetosheath was the T85 encounter on 24 July 2012.
Prior to this encounter, a coronal mass ejection event impacted on Saturn’s magneto-
sphere, which lead to multiple crossings of Saturn’s magnetopause over Titan’s orbital
location, exposing the moon to the shocked plasma of Saturn’s magnetosheath for about
3 hours (Edberg et al. 2013). During T85 the Cassini Langmuir Probe (LP) detected the
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highest electron densities ever measured in Titan’s ionosphere with a maximum of 4310
cm−3 (see figure 5.2). It was suggested that this was caused by the increased impact ion-
ization in Titan’s ionosphere due to more abundant energetic magnetosheath protons that
were added by the CME event (Edberg et al. 2013).
Figure 5.3: Cassini’s trajectory during the T96 encounter in TSWIS coordinates. The
arrows indicate the Cassini’s direction in each plane. The −x axis points towards the Sun
and the y axis points in the direction of Saturn’s orbital motion.
The T96 encounter on 01 December 2013 (closest approach altitude of 1400 km at 00:41,
12.4 local time) constitutes the first and only event of the entire Cassini mission where Ti-
tan was embedded in the supersonic solar wind upstream of Saturn’s bow shock (Bertucci
et al. 2015). Titan’s plasma interaction with the Solar wind suggests a change of co-
ordinates into a more convenient system than the TIIS frame for this case. Therefore
we change from the TIIS frame into the more natural Titan-centered solar wind inter-
action system (TSWIS) introduced by Bertucci et al. (2015) for the remainder of this
chapter. The TSWIS system can be achieved by a simple rotation of the TIIS system.
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In the TSWIS frame, the −x axis points towards the Sun, the y axis points in the direc-
tion of Saturn’s orbital motion and the z axis completes the right-handed system. The
trajectory of Cassini for this encounter is plotted in figure 5.3. During T96, Cassini was
moving mainly in a north-south direction and towards Saturn, approaching Titan from
the upstream side and from high northern latitudes, with a superimposed motion in the
+y direction. Thus Cassini’s path for T96 intersects with the upstream interaction region
Figure 5.4: Long term magnetic observations of the T96 encounter. The magnetic field
is plotted in spherical TSWIS coordinates (θ, φ, |B|). Saturn’s bow shock (OBKBS) was
crossed by Cassini after 18:00 on the previous day. In the following 6 h interval Cassini
is located inside the Solar wind. Prior to the shock front (SF) at 00:00, the magnetic field
was predominantly west-east oriented (φ ≈ −90◦). After the crossing of the shock front
the magnetic field assumes a mainly north-south orientation (θ > −45◦) until entering the
Titan interaction region. The inbound and outbound crossings of Titan’s bow shock are
marked by IBTBS and OBTBS. Figure from Bertucci et al. (2015).
of Titan and the Solar wind. Magnetic field observations covering a -7/+2 hour interval
around closest approach are shown in figure 5.4. About 6 hours prior to the encounter,
Cassini crossed Saturn’s bow shock (indicated as OBKBS) in that plot, which is accompa-
nied by a strong jump in the magnetic field strength of one order of magnitude afterward.
Ion measurements also showed a strong decrease in particle counts (Bertucci et al. 2015).
The magnetic field strength remained at very low levels for about 6 hours, indicating that
Titan was exposed to the unshocked high pressure solar wind plasma during that time
interval. About 2 hours before closest approach Cassini crossed a sector boundary in the
solar wind as indicated by the change in direction of the Bφ component of about 180◦
shortly after 22:00, followed by significant fluctuations in the direction and magnitude
of the solar wind magnetic field. From around 00:00 on, these perturbations weakened
significantly after the crossing of a shock front (SF), with the solar wind magnetic field
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Figure 5.5: The top four panels show the Bx, By, Bz components and magnitude |B| of
the magnetic field in cartesian TSWIS coordinates. The last panel shows the electron
densities ne that are derived from the Radio and Plasma Wave Science (RPWS, dotted)
and Langmuir Probe (LP, grey curve) instruments. The crossing of Titans inbound and
outbound bow shock is marked by IBTBS and OBTBS, respectively. IBIMB and OBIMB
denote the crossing of Titan’s inbound and outbound induced magnetosphere boundary.
Figure from Bertucci et al. (2015).
changing from a predominantly west-east orientation to a predominantly north-south ori-
entation. Although this event is apparently not related to Titan, its nature is not yet under-
stood (Bertucci et al. 2015).
Figure 5.5 provides a closer look on the magnetic field and electron observations in a ±1
interval centered around the closest approach at 00:41. The plasma and magnetic data ob-
tained from Titan’s interaction region revealed similar features as known from the induced
magnetospheres of Mars and Venus, including the formation of a bow shock (IBTBS and
OBTBS in the figure) and a magnetic barrier at Titan’s ramside (IBIMB and OBIMB).
The bow shock is a result of the subsonic nature of the impinging Solar wind. However
the pileup of the magnetic field at closest approach was found to be too large (∼ 25nT
compared to upstream values of ∼ 1nT) to be consistent with the dynamic pressure of
the upstream solar wind in the 40 minutes after Cassini’s crossing of SF and closest ap-
proach: for the assumption of a simple pressure balance between the magnetic pressure in
the pileup region and the solar wind dynamic pressure B2max/(2µ0) = 0.88 ρswu
2
swcos(S ZA)
(Dubinin et al. 2006), where usw is the solar wind bulk velocity, ρsw the solar wind mass
density and SZA is the solar zenith angle at the location of the magnetic field strength
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maximum Bmax, a solar wind dynamic pressure of 0.64 nPa was derived for T96 (Bertucci
et al. 2015). However, the dynamic pressure that was derived from the plasma observa-
tions was only 0.12 nPa. Bertucci et al. (2015) proposed that the fossilization of magnetic
field lines in Titan’s ionosphere from the pre-SF solar wind plasma with higher dynamic
pressure may be responsible for the large magnetic pileup.
Since Cassini’s remaining Titan flybys (T118-T126) will all take place in Saturn’s down-
stream region, T96 will remain the only case of Titan being observed in the supersonic
solar wind. In this chapter we model Titan’s plasma interaction with the solar wind during
T96 using our hybrid model, and compare our results against Cassini magnetic field and
electron data. We investigate the possible contribution of fossilized fields to the observed
magnetic field perturbations and study the robustness of Titan’s induced magnetosphere
against the observed non-stationarities in the incident solar wind conditions.
5.2 Simulation Parameters
Five simulations with different upstream parameters are discussed for the simulation
of Titan’s plasma interaction with the solar wind. A summary of the parameters for
each run is provided in Table 5.1. All simulations have been performed using a cubic
−4 RT < x, y, z < 4 RT box with a maximum resolution of 80 km in Titan’s ionosphere.
The upstream solar wind bulk velocity U0 is parallel to the x axis in all runs. There are
two main differences between the parameters of the five simulations. First, the orienta-
tion of the upstream magnetic field is chosen to correspond to the different magnetic field
regimes observed during the encounter: inbound and outbound of closest approach as
well as upstream of the shock front (SF) Cassini encountered about 40 minutes before the
flyby. The averaging intervals for the different magnetic field vectors are noted in Table
5.1. Second, the dynamic pressure of the incident solar wind is treated as a free parameter
to achieve best possible agreement between simulation results and Cassini observations
of magnetic field and electron density.
The solar wind in run #1 has the lowest dynamic pressure (0.24nPa), comparable to the
pressure estimated from Cassini observations downstream of SF between 00:01 and 00:23
(Bertucci et al. 2015). The parameters of run #2 are identical to those of run #1 apart from
a higher dynamic pressure of 0.64nPa, which was obtained by changing the density and
velocity of the incoming solar wind protons. Runs #3, #4 and #5 apply an even more en-
hanced dynamic pressure (1.5nPa). The upstream magnetic field vector in runs #1– #3 has
been calculated from the interval after the crossing of SF (00:01) and Cassini’s entry into
the Titan interaction region (00:23). Run #4 applies a magnetic field vector obtained from
the outbound segment of the Cassini encounter, but before the spacecraft crossed Saturn’s
bow shock and left the supersonic solar wind (cf. figure 2 of Bertucci et al. (2015)). The
outbound field has a north-south and east-west orientation and forms an angle of 32◦ with
the inbound magnetic field, another piece of evidence for non-stationary behavior.
Run #5 represents the magnetic conditions of the pre-SF regime, where the interplane-
tary magnetic field pointed mostly in the west-east direction (time interval 23:35-23:55
on 30 November 2013). The pre-SF field was also about a factor of 2 weaker than the
post-SF field. Cassini left the pre-SF regime about 40 minutes before closest approach
and therefore, Titan was not directly exposed to these upstream conditions at the time of
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the encounter. However, fossilized magnetic fields from the pre-SF regime may still have
been trapped in Titan’s ionosphere when Cassini passed by the moon (Neubauer et al.
2006). Due to computational constraints on the simulation run time, a hybrid code can-
not resolve the real-time evolution of putative fossilized fields over 40 minutes (see also
Müller et al. (2010)). Besides, any realistic inclusion of the magnetic field transition at SF
in a local plasma simulation needs to fulfill the ∇ · B = 0 condition across the discontinu-
ity. This requires knowledge of the three-dimensional structure of the magnetic field on
both sides of SF (Simon et al. 2009a), which could not be measured by a single spacecraft.
However, run #5 will illustrate the stationary structure of Titan’s induced magnetosphere
in the pre-SF regime and can therefore facilitate the identification of fossilized field sig-
natures in T96 data.
The high dynamic pressures and Mach numbers of the solar wind used for the simulations
(see table 5.1) are motivated by the extreme upstream conditions during T96: the fact that
Titan was located upstream of Saturn’s bow shock for several hours indicates that the so-
lar wind pressure was enhanced above usual levels. Very high Mach numbers of the solar
wind have been observed during several Cassini crossings of Saturn’s bow shock and the
values used for our simulations are consistent with the observed values (Masters et al.
2011, Sulaiman et al. 2015).
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1Figure 5.6: Plasma quantities of run #3 in the x = 0, y = 0 and z = 0 planes. (a)-(d)
Magnetic field components and magnitude, (e) plasma bulk velocity, (f) electron number
density. The T96 trajectory is represented by the solid white line.
5.3 Model Results and Discussion
A three-dimensional overview of the magnetic field components, the plasma bulk velocity
and the electron number density for run #3 is given in figure 5.6, where we also indicate
the Cassini trajectory. The plasma quantities from run #3 are also plotted in figure 5.7
for two planes which are referred to as the flyby plane and the gyro plane. The flyby
plane contains the center of Titan as well as the Cassini trajectory, while the gyro plane
is defined by the center of Titan, the undisturbed upstream velocity vector U0 and the
convective electric field vector E0 = −U0 × B0. Since the upstream magnetic field B0 is
mainly north-south oriented, E0 is almost aligned with the −y axis.
Figures 5.6 and 5.7 show the general structure of Titan’s induced magnetosphere, which
includes a bow shock (e.g. figure 5.6(d)) and a magnetic barrier of enhanced field strength
on the ramside. The plasma velocity is greatly reduced in the vicinity of Titan due to the
mass loading with freshly produced ionospheric and exospheric ions (figures 5.7(e,k)).
The location of Titan’s bow shock overlaps with the extended mass loading region on the
ramside. The filamented structure of the plasma quantities (e.g. figures 5.7(c,e,f)) on the
upstream side of the bow shock is an indication of reflected solar wind particles (see also
Bößwetter et al. (2004)). Runs #1, #2 and #4 yield qualitatively similar results as run #3,
with mostly quantitative differences. Therefore, no two-dimensional cuts are displayed
for these runs.
Figure 5.8 compares the modeled magnetic field components B = (Bx, By, Bz) and the
electron number density ne from all 5 simulation runs against observations from the
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Cassini magnetometer (Dougherty et al. 2004) and the electron number density, inferred
from Langmuir Probe data and measurements of the upper hybrid frequency by the Radio
and Plasma Wave Science Instrument (RPWS, Gurnett et al. (2004)). As can be seen, the
magnitude and extension of the field perturbations in Bx, Bz and |B| are reasonably well
reproduced by runs #2 to #4. The model also succeeds in reproducing the two maxima
of the M-like perturbation signature seen in By. In addition, the location, magnitude and
width of the electron density enhancement observed near closest approach are in excellent
quantitative agreement with the output of model runs #3, #4 and #5.
Since the upstream magnetic field pointed mainly in the north-south direction, the drap-
ing pattern shows a negative Bx component in the northern (z > 0) and a positive Bx
component in the southern (z < 0) hemisphere, as can be seen in figures 5.6(a) and 5.7(a).
However, due to the non-zero B0,x and B0,y components of the upstream field the drap-
ing pattern is slightly asymmetric with respect to z = 0 and also features a weak By
perturbation. Cassini only grazed the outer regions of Titan’s northern magnetic lobe in
the inbound segment (Bx < 0, between 00:32-00:36), followed by an extended passage
through Titan’s southern magnetic lobe (Bx > 0, between 00:36-00:57). This bipolar fea-
ture in Bx is found in all simulation runs that use an upstream magnetic field from a time
interval close to the encounter (runs #1 to #4, figure 5.8).
The spacecraft did not penetrate below the magnetic ionopause, since no dropout of the
magnetic field strength was observed near closest approach. This is consistent with our
simulations (see figures 5.7(d) and 5.8). Since the flyby took place in Titan’s upstream
region, Cassini did not intersect the wakeside plasma tail of Titan nor regions of enhanced
ion outflow in the plane perpendicular to the upstream magnetic field (see figures 5.6 and
5.7(k,l)).
As can be seen in figure 5.8, the low pressure run #1 produces draping and pileup signa-
tures that are qualitatively consistent with the observations. However, the magnitude of
the modeled field enhancement is not large enough to explain the data (|B| < 15nT in the
model compared to the observed maximum value of |B| ∼ 25nT at 00:41). In addition,
the modeled electron density enhancement in run #1 is too broad to be consistent with the
observed density pattern. Only the peak density is of the same magnitude as observed.
Thus, the low-pressure upstream conditions of run #1 are not able to quantitatively ex-
plain the data and indicate that a higher dynamic upstream pressure is needed.
Run #2 therefore applies a higher upstream pressure of 0.64nPa, which was proposed by
Bertucci et al. (2015) based on pressure balance calculations for Titan’s magnetic barrier.
Figure 5.8 shows that this increased upstream pressure yields a much better agreement
with the magnetic field observations. Yet, while the magnitude of the observed electron
density enhancement is again well reproduced, the modeled electron density signature is
still too broad. It should be noted as well that the chosen upstream magnetic field (from
the segment after the SF) in general leads to a positive By perturbation along the Cassini
trajectory that cannot explain the dip in the middle of the observed M-shaped By signa-
ture. The reasons for this discrepancy will be discussed later.
Another increase in the solar wind dynamic pressure to 1.5nPa in run #3 (also used in runs
#4 and #5) is able to push the region of enhanced ionospheric electron density further to-
wards the moon, thereby yielding excellent agreement with the observed box-like density
enhancement. We note again that runs #1 to #3 use the upstream magnetic field obtained
from the inbound part of the encounter, i.e., between the crossing of SF and closest ap-
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1Figure 5.7: Plasma quantities of run #3 in the flyby and gyro plane. (a)-(d),(g)-(j) Mag-
netic field components and magnitude, (e),(k) plasma bulk velocity, (f),(l) electron num-
ber density. Arrows denote the projection of the respective vector field on the cutting
plane. The non-rectangular shape of the flyby plane arises from its inclination against the
coordinate axes in the cubic simulation domain.
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proach.
To investigate the effects of the observed rotation of the ambient solar wind magnetic field
during the encounter, in run #4 an upstream magnetic field obtained from the outbound
segment was applied (cf. table 5.1). As can be seen in figure 5.8, this leads to only minor
quantitative changes in the modeled magnetic field components. The modeled electron
density is almost identical to run #3 as well. Using the outbound magnetic field yields
slightly better agreement between modeled and measured |B| in the outbound segment of
the flyby, whereas the inbound field in run #3 gives better agreement with the inbound
draping pattern in Bx than run #4. Overall the magnetic and density features in both runs
look very similar. Both, run #3 and #4 produce a plateau-like enhancement in By. The
width of this plateau agrees well with the width of the observed perturbation region in By.
The magnitude of the modeled By enhancement is consistent with that of the two spikes
seen in By by the magnetometer.
Hence, runs with a high solar wind pressure and an upstream magnetic field obtained from
a time interval after the SF are able to quantitatively reproduce numerous key features of
the observed magnetic field signatures as well as the magnitude and width of the electron
density enhancement around closest approach to Titan. Overall, the simulated interaction
signatures along the T96 trajectory exhibit a high level of robustness against the observed
changes of the incident flow conditions. Since we use the solar wind dynamic pressure
as a free parameter to achieve best possible agreement between model and data, similar
results could also be obtained by using a different combination of solar wind density and
flow speed. The density value used in runs #3, #4 and #5 is consistent with LP data and
differs by only about 20% from the electron density inferred from the upper hybrid fre-
quency at the edges of Titan’s ionosphere. The only feature of the observed magnetic field
signature that could not yet be explained is the dip in the middle of the M-structure seen
in By around closest approach between 00:38 and 00:44. In this region, the By component
drops from positive values of about ∼ 10nT at the two ’spikes’ of the M to negative values
with a minimum of −7nT at closest approach.
The draping of the north-south oriented solar wind magnetic fields from runs #1 to #4
generates a plateau-like positive By perturbation near closest approach. However, this
plateau is only consistent with the observations at the two outer spikes of the M-signature
between 00:33 and 00:38 as well as 00:44 and 00:50 where the observed By is also posi-
tive.
Since the previously used upstream magnetic field vectors give good agreement in all
components except for the inner dip of the M-signature in By, it is unlikely that this
feature could be caused by, e.g. short-scale fluctuations or a different geometry of the
upstream magnetic field and plasma bulk velocity. Given that By drops by about 17nT in
the center of the M-signature, one would then expect to see related perturbations in the
other magnetic field components as well.
The extent of the dip in By is symmetric around closest approach at 00:41 and covers
altitudes of 1800km to 1400km. Due to the combination of low plasma velocity and suf-
ficiently large magnetic Reynolds number, this altitude regime of Titan’s ionosphere may
store fossilized magnetic field lines most efficiently (Neubauer et al. 2006). Bertucci et al.
(2008) suggest the lifetimes of such fossilized field signatures to range between 20 min-
utes and up to 3 hours. Hence, we propose that remnants of a previously encountered
upstream magnetic field configuration are responsible for the inner dip of the M-feature
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Figure 5.8: Modeled magnetic field components (Bx, By, Bz) and electron number density
ne for all five runs compared against the T96 Cassini observations. Observations are dis-
played in black. For the electron density data, the solid black line refers to LP data while
the dashed black line refers to densities obtained from the upper hybrid frequency. TSWIS
coordinates and distance r to Titan’s center of Cassini during the flyby are displayed for
their respective time points.
in By.
To substantiate this hypothesis, the upstream magnetic field in run #5 was obtained from
the interval immediately prior to Cassini’s crossing of the SF (23:35-23:55 on 30 Novem-
ber 2013, cf. figure 2 in Bertucci et al. (2015)). In this regime the magnetic field vector
possessed a strong west-east (−y) component. Compared to runs #1 to #4, Titan’s mag-
netic lobes in such an upstream field are rotated around the x axis by 90◦ and can now be
found in the y < 0 and y > 0 half spaces. The ramside magnetic barrier is mainly visible
in the By component. As can be seen in figure 5.8, this upstream field therefore results
in a broad negative By perturbation along Cassini’s trajectory with a minimum value of
By ≈ −5nT around closest approach. The strength and orientation of this negative By
perturbation are in agreement with Cassini observations at the "bottom" of the M-like
signature. The perturbations in the Bx and Bz components are much smaller than in runs
#1 to #4. Especially, around closest approach the Bx and Bz components from run #5 are
almost completely undisturbed. For this reason, we do not expect to see strong residual
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fossilized field signatures from the pre-SF regime in Bx and Bz, which is consistent with
the observations.
Above altitudes of 1800 km, Titan’s induced magnetosphere can adapt to a change of the
ambient magnetic field orientation from west-east (pre-SF) to north-south (post-SF) on
time scales of only a few minutes (Simon et al. 2009a). Thus, the outer layers of the
magnetic pile-up region are quickly eroded through convection and reconnection by such
a rotation of the upstream field. However, the pre-SF pile-up at Titan’s ramside (mainly
visible in By and not in Bz) may prevail at altitudes below 1800 km for several hours.
We therefore propose that draped field lines from the pre-SF regime were still present in
Titan’s lower ionosphere at closest approach (i.e., 40 minutes after Cassini’s crossing of
SF) and gave rise to the inner dip of the M-like signature in By.
Although the reconfiguration of Titan’s induced magnetosphere during a rotation of the
upstream magnetic field is a highly non-linear process, the low convection speeds in the
moon’s deep ionosphere shield the magnetic draping pattern in that region to a certain
degree against changes in the incident flow conditions (Neubauer et al. 2006, Bertucci
et al. 2008, Simon et al. 2009a). We note that the "summit" of the observed Bx draping
pattern (which we could not quantitatively reproduce, see figure 5.8) is located at the same
position as the proposed fossilized magnetic field signature in By. It is very well possible
that this overshoot in Bx arises from the deformation of the fossilized field lines between
the time of their "capture" and the time of their subsequent detection by Cassini.
5.4 Concluding Remarks
Our simulations show that the outer part of Titan’s induced magnetosphere at the time of
T96 is consistent with the picture of a quasi-stationary interaction between the moon’s
ionosphere and a high-pressure solar wind flow. However, we also provide strong evi-
dence that the fine structure of the magnetic field in Titan’s deep ionosphere was governed
by fossilized magnetic field lines. These field lines could have been "trapped" in Titan’s
ionosphere at least 40 minutes before the T96 encounter took place. A lifetime of 40
minutes agrees well with the time window inferred by Bertucci et al. (2008) from the first
in-situ detection of fossilized magnetic fields during the T32 magnetosheath excursion.
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In this thesis, the plasma environment of Saturn’s largest moon Titan has been studied
by using a hybrid model that treats ions as kinetic particles and electrons as a massless
charge-neutralizing fluid. The hybrid approach is exceptional suitable for the description
of Titan’s plasma interaction because it accounts for the effects of large ion gyro radii,
which cannot be neglected near Titan. Titan’s ionosphere model was significantly im-
proved compared to earlier studies and is modeled by using a 7-species representation
of the main observed ion species. The ionosphere is generated via a realistic description
of the photoionization of the main neutral species that is based on a wavelength depen-
dent model of the solar EUV radiation, as well as a phenomenological model of electron
impact ionization. A network of the most important chemical reactions has been incorpo-
rated into the model which is responsible for the conversion of the photo generated species
into the remaining ones of the 7-species model. Ion-neutral collisions of the impinging
magnetospheric plasma with Titan’s neutral atmosphere were also included in our model.
For this thesis we focused on a set of unique Cassini Titan flybys which stand out due
to their exceptional plasma environment or unexpected observations. In the following we
will give a brief summary of our major findings.
In the first part we studied the physical processes that lead to the detection of split sig-
natures in the ion density during several crossings of the Cassini spacecraft through Ti-
tan’s mid-range plasma tail (T9, T63, and T75). During each of these flybys, the Cassini
Plasma Spectrometer observed Titan’s ionospheric ion population twice; i.e., the space-
craft passed through two spatially separated regions where cold ions were detected. The
major results of this part are:
• The filamentation of Titan’s tail that lead to the detection of split signatures during
the T9, T63 and T75 flyby is an omnipresent feature of the moons plasma inter-
action that is closely tied to the upstream geometry of the magnetic field and bulk
velocity.
• The filamented structure of the tail is most pronounced in planes that contain Ti-
tan’s center and 1) which are perpendicular to the magnetic field or 2) contain the
upstream magnetic field B0 and bulk velocity u0.
• The physical processes that are associated with the formation of the filamented
tail structure are the transport of ionospheric ions from the ramside to the moon’s
wakeside, as well as a radial outwards directed motion that is induced by the strong
plasma pressure gradient in Titan’s ionosphere.
• Ions of all species show a three dimensional cone-like structure in Titan’s down-
stream region: the surface of the cone has a thickness of 1-2 RT and is formed by
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filaments due to the transport of ions from the dayside to the wakeside. Inside the
cone the densitiy is reduced compared to its surface.
• Ions of light species (1-2 amu) are brought on trajectories along the draped mag-
netic lines in the outer layers of the ionosphere by the outwards pointing pressure
gradient, which forms an outer filament structure in the tail for only these species.
• All tail structures show asymmetries towards the direction of the convective electric
field in a plane perpendicular to the upstream magnetic field.
• The locations and densities of the filaments strongly depend on the upstream flow
parameters and the orientation of the dayside ionosphere with respect to the incident
flow. Due to their confinement to distinguished planes they are therefore easy to
miss by spacecrafts.
• Without the pressure gradient, no filamented tail structure is formed apart from the
pick-up tail due to the large ion gyro radii.
• The T9 observations can be qualitatively explained by a crossing of Cassini through
the Saturn-facing filament of the cone structure in the first event, and a subsequent
crossing through the Saturn-averted outer filament of the light species in the second
event. The upstream magnetic field orientation during T9 was beneficial for the
detection of these filaments, since the flyby plane nearly coincided with the plane
where the light species’ outer filament structure is most pronounced.
• The T63 observations are consistent with a crossing of Cassini through the cone
region. The detection of heavy ions in both events of the split signature supports
this further.
• For T75, a double-detection of the same tail filament is a possible explanation,
due to rotations of the tail by the large fluctuations in the ambient magnetic field.
Likewise, it is possible that those fluctuations simply rotated two separate filaments
into the spacecraft trajectory.
In the second part, we were the first to model the plasma environment of Titan during
Cassini’s T96 flyby. The T96 encounter marks the only observed event of the entire
Cassini mission where Titan was located in the supersonic solar wind in front of Saturn’s
bow shock. We investigated the possible contribution of fossilized fields to the observed
magnetic field perturbations and studied the robustness of Titan’s induced magnetosphere
against the observed non-stationarities in the incident solar wind conditions. Our results
were compared against the magnetic field and electron density measurements of this flyby.
Our major results for this part are:
• The large scale features of Titan’s induced magnetosphere during T96 are consistent
with the interaction of Titan with a steady-state, high pressure (Psw = 1.5 nPa)
solar wind that contains a mainly north-south oriented magnetic field. The modeled




• Simulations with a lower solar wind dynamic pressure that is comparable to that in-
ferred from plasma observations (0.24 nPa, 0.64 nPa) fail to reproduce qualitatively
both magnetic field and electron measurements.
• The modeled magnetic field results are also in quantitative agreement with key fea-
tures of the observational data. A symmetric region around closest approach shows
a large perturbation in the observed By component that is not in agreement with the
induced draping pattern of a mainly north-south oriented upstream magnetic field.
• The modeled north-south oriented magnetic field induces a plateau-like structure in
the By component, whereas the observations show a dip in By that goes to negative
values, with the minimum location coinciding with closest approach. The magni-
tude of the induced By plateau from the simulations is comparable to the maximum
observed By value.
• The upstream magnetic field experienced a change in orientation by about 90◦ ap-
proximately 40 min before the closest approach. Prior to that time the solar wind
magnetic field had a mainly west-east orientation which then changed to a mainly
north-south orientation.
• A simulation that uses the previously encountered west-east oriented upstream mag-
netic field as input parameter is able to qualitatively reproduce the negative mini-
mum in the observed By component, while the other magnetic components do not
show a significant perturbation.
• We conclude that fossilized magnetic field lines from the previously encountered
west-east oriented magnetic field regime are responsible for the magnetic field per-
turbation around closest approach. The lifetime of these fossilized fields is on the
order of 40 min, which is well within the accepted theoretical limit of up to 3 hours.
6.1 Outlook
Since the remaining Titan flybys of Cassini will all take place when Titan is located in Sat-
urn’s downstream magnetotail, it is unlikely to revisit Titan in the solar wind or Saturn’s
magnetosheath again, which are the only regions where fossilized magnetic fields have
been observed at Titan. Also Cassini’s main plasma spectrometer has ceased to operate in
2012, so that split-signature detections in its magnetotail are harder to observe. However,
our results are not limited to the plasma interaction of Titan, but instead bear implications
for other non-magnetized bodies in the solar system. The plasma interactions of Venus,
Mars and active comets are very similiar to that of Titan. It is therefore possible that split
signatures in the tail region may also be detected by other or future spacecraft missions
that visit these bodies. In particular Callisto, one of Jupiter’s Galilean moons, is similiar
to Titan, as it also possesses an atmosphere and its plasma interaction is comparable to
that of Titan with the relevant ion scales being comparable to the size of Callisto. In fact,
a split tail similiar to that of Titan has already been reported for Callisto (Liuzzo et al.
2015). Also, initial observations of the MAVEN spacecraft report of localized ion loss
detections from Mars’ atmosphere downstream of the planet (Halekas et al. 2016). The
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objects that are embedded in the solar wind also seem to be more susceptible to the for-
mation of fossilized magnetic fields, since the solar wind is able to change its direction on
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